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ABSTRACT

This thesis presents the rosults of an exporimohtal
investigation on the mechanigm of resistance to flow over
artificiel roughness elements. The studies were carried out
on two-dimensional shamp-edged strips of negligible thicknegs
placed on the bed of an open channel. The various aspects of ,
the problem covered by the experiments included the resistance
characteristics of a single roughness element az well as thoge
of serles of roughness elements placed on a smooth boundazy.
In case of elemonts in series, using two-dimensional strips
having relative spacings of 60 and 80, the total resistance
of the boundaxy, as well as the skin friction of the plane

‘Boundaxy werq measured; the latter was measured using a Presﬁm
tube. Exporiments were alss performed to verify the hypothesis
of Rangaraju and Garde that for roughness elements in series on
a plane boundary, upto a relative spacing of 40, the negative
friction in the gtanding eddy cancels with the positivae friction
further downstream and thug the net skin friction is zeme For
this pumose experiments were made using two-dimensional strips
placed on a boundary to which gravel particles were glued.

As a result of the present Investigation 1t was pxovcd
that the atove hypothesis is true upto 5 relative spacing of
40. In addition, infommation has also been pmsmte& about the
form resistance of tho strips and the skin friction of the plane
boundary at relative spacings exceeding 40. Analysis of dats on
the drag of a single element hag indicated a unique relation betwsen
the drag coefflcient and the relative depth of flow.
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Megning Units Dimension
Projected area of a body on m8 L?
s plane normal to direction
of flow
Congtant in the resistance Dimengionlegs « -
equation
Width of the channel metres L

Drag coefficient with respecf
to Average velocity.

Drag coefficient based on
the average velocity hut for
infinite stream conditiong

Drag coefficient based on the
freo stream velocity

Drag coefficient based on the
volocity at the crest level
of the el ament.

Constm ts in Resistance equation
and function of L/h

Local ¢kin friction coefficiont

Average friction coefficient
assuming ze10 shear within
standing eddy

Average friction coefficient
for shear over a length L, and

defined by C, = C. o L/L
| f, 4

Average friction coefficient
assuming skin friction to be
effective in a length L:3

Constant used by Morris

Dimengionless =»

Depth of flow in the flume cmg or m L

measured from the bottom.
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Meaning Units [Dimensions
grain gize cmg or m L
Diameter of the Preston Tube " L
Thickness of the boundary layer cms L

defined so that the velocity at

the edge of boundary 1s equal to 99%

of tho froe stresm velocity ‘

Lgsg dengity of the flowing metric glugg/m? ML’s
uid

Total positive skin friction betweon Kon/metre M1~ 2
t\;fo rx‘oughnoss elanents per unit
width. .

Total positive skin friction per Kon/m M1~ 2
unit width betwaeen 3 h and total
length, L, betweon two roudness

elementg.

Froude's number of flow dimenstonless -
Darcy-Welgbach Resistance coefficient * | -
Darcy-Wel sbach Resistance coefficient

for smooth bed. " -
Accel eration due to gravity Motre/cec? L1 2
hd ght of the roughness eclement cms L
Width of groove in a bed with

roughness elements metres L
Kaxman' g constant dimensionlags «
Huivalent gand grain roughness

of the bed A metres L
Resistance parameter and a function

of roughness geometry motres L
Spacing between the roughnegs elamentg * L
length of the standing eddy cnse L
L~ I‘l chge L
L~ 3 h(hin metres) | motres L



Symbol  Meaning Units Dimensions
A =  Poughness concentration, defined as

i

the ratlo of projected area of the
rouchngss elements to the area of the

bed. dimensionless «
DInamic viscosity of the flowing kgm=zeg ML'IT'I
fluid metra“

Nos 0f elaments in periphery dimsnsionless
Manning's coefficient mm‘.re/z;a"i:lla 'l‘L"'l/3
Kinematic viscosity of the m3/sece - Lot

flowing fluid

Pressure on the upstream face of
the roughnegs element at a heicht

y from the floor , Kgn/m? m,"l'r"2
Constant pressure on the down
stream face of the element " "
Watted Perimater of the channel metres L
Hydraulic Radlug of the bed of the " "
channel -1
Discharge flowing m3/sec LT
Reynolds No. of flow Dimengionless -
Reynolds No. with respect to the 3
velocity at the crest of the olement * N -
Reynolds number of flow at a dige
tance x from the edge of the plate " -
Unit weight of the flowing fluid Kgn/m? l\ﬂl_-."al‘"'2
Radlus of the conduit - metros L

Preston tube reading (difference
between static pressure and Pitot
pressure) ) cng. L

Force per unit width on the ol emenf Kg/m - ML”‘

Water surface slope | Dimensionless =
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Moaning Unito alon
Periphoral gpacing betwoon
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Total shear stress on the bdd -
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friction of the plane boundary when
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- T " ™
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Tho problem of reaglstanco to flow in opcn channclg hag
zocolved tho attontion of hydrsullc engiheers for a long timo
becaugo of its importanco in soveral practical problengs
Knowlodgo of the rosistanco to flow g important in the dooglen
of channols, prcoparation of stage « dischargo curves and in tho
computation of sodiment trangport rato in alluvial channolge
Howovor, in gpito of tho vast smount of work done on the problen,
tho rosistance for differont mughnesses under differcnt @low‘
condi tiong 15 not accuratoly known at presont. Consoquontly
correct solution of tho problemg mentioned earlior is oleco mot
possiblo. |

Tho commonly uged rosistanco rolationg aro thoso of
Chozy ond Menning. In both of theso aquations the recigtenco
cooffielent 1s tokon constant for a particular typo of mughe
nogs, rogardloss of fluld and flow conditionsg. Howavor ¢thMs is
goldom tro in caso of natural channelg and, theroforo, thoso
oquations aroe inadoquato in describing tho bchaviour of guch

¢hannels ovor a wide rango of flow conditiong.

1.2

U th tho objoct of providing a roughnoss standard fos



opon channolg oimilidz ¢o Nikuradso's sond=grain concoot
for cormoreinl pipos, sovoral studios havo boen corriod out
using artifictal rughnogs olementgs Contrilutiong of
Powoll (16), Johncon (8), Soyrc - Alborteon (24), ond
Adachi (1) aro vorth montioning in this connoection. Thoge
invogtigators studiod the total roslstanco of o boundazy with
various tyﬁes end concontrations of roughnoss olemcntoe
Howovor thoso studliog havo not led to an acccptablo zoughnogs
stondard for opcn channolge |

ginstoin ond Bankg (4), by o rational anolysis bagcd on
flume agtudios with varxious pattorng of rougimoss elornlo,
concludbd that tho total -x-on.zistance,of the boundary having a
gories of roughnogs olcmontg on it can be takon as sumof ¢ho
resistanco of individua_l roughnogs el enentse In othor wozds
presonce of a mughnegs olcmont has no significont offce on
tho rosistanco of othor roughnags olements and tho totol
rosistance can bo obtaoined ag tho oum of form rosistanco of
individual roughnegs olements and tho boundary friction ovor
the vhole arca. Bagsod on thigs concopt Elngtoin and Barbamuso
(3), poposod a mothod for prediction of rosistanco to ¢low
in alluvial channolse However becauso of infinito arrangcmonto
ond spacings of roughnogsos that are oneountored in natural
channols the Interforence offoct magy bocomo important and

noeds to be investigated properly.

Rongaraju ond Gardo (19), made a thoxough investigotion



of the offoct of intorforcneo on tho rosistance of artifleial
roughnags clemantg by conducting oxtensive expoeriments in o
flumo ag woll as in wind tunnols. Thay used gharp=-cdgad o=
dimengional stripg of negligible thicknaess as the roughnogs
olementg on a smoth plano boundary. Thelr conclusiong wore
that the total rosistance of g plane oundary with mughnogg
olenontg having rolative spocing botween 2.5 and 40 can b0
ostimatcd on tho agsumption that the total resistanco is oqual
to the form roststance of the toughnaess olemonts; tho fom
rasistanco of tho strips is strongly depandent on tho relative
spacing and the ratio of depth of flow to helght of elononts
Thig meang that, in tho rango of thelr exporiments, tho okin
friction 8s practically zomw. One can arrive at such a conclue
sion 1f the skin friétion of tho plane boundary is a vory gsmall
{fraction of the total resistancez bacauge of the smoothnogss

of tho boundary in such 3 caso tho total resistance wuld provo
oqual, within rango of exporimentsl sccuracy, to tho moasurod
form drag ag found by Rangaraju and Garde. The not skin
friction con algo bo noarly zor ( for L/h lass than 40) 4f
Rhoe positive friction beyond the standing eddy downgtroam of
tho roughnoss cancols out with tho negétive friction within
tho eddy. Such an agsumption hag beon made by Rangaraju ond
Garde in tholr studicse bwovoer in tho abgenco of moasurcicmts
of gkin friction for tho runs ¢onducted by Rangaraju ond
Gorde, it 13 not pogsgiblo to gay which of the abovo hypothogog

14



is corrocte Tho forocping point can be sottlod convineingly
i £ the plane boundary botwoon ‘tho roughnesgs olementg ig mado
quite rough. If the hypothesls of Rongaraju ond Gardo thst
tho not skin friction is zero for L/h 40 (whero L is epacing
botwoen roughnoss olanontg and h is tho helght of elements)

is true the total resistanco of the mugh@ed plane bod on
which roughnaegs elemants aro placed should prove equal to tho
total resistanco of tho smooth plsne bed with tho same voughnoos
goometry provided L/h{ 40« On tho other hand, if the rogige
tance in thoe fomer cage oxcesds that in the lattor, tho
conclugion of Rangaraju ond Garde that the total msistance is
oqual to the fomm rosistanco of the strips (for L/h { 40) moy
not bo ascceptablo.

- Tho progent investigation wag, therefore, carricd out %o
tost tho validity of the .;:tssumpf:ion discwssed above and aleco
to oxtond the results of Rangaraju and Garde to larger spacings
o f roughnoss elementge FoOX thé foxmer purposoe resistance
studieg woro made using tupedimonglonal strips placed on a
plano boundary on which wore glued gravol particlesef 2 mm
sizo. Thoso studios woro porformed for two val'uee'of L/h vig.
20 and 40 - the 1‘)“0:- boing the limit upto which thoro s no
not skin fxlction, according to Rangaraju and Gardoe
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At L/h voluog grootor than 40, tho not skin frickion of
the plano houndazy is oxpocted to bo significant. Honeo
atudl og wore cazricd out for L/h values groator than 490, using
tro~dimongional strips placod on a gmooth boundaxrys Thoge
gtudi os includcd the moagsurcmont o€ skin friction by a Praston
Tu bo. |

" For the caso of o single two-dimensional shaip-edgod

roughnogs olemont placed on a plane loundary tho avellablo
information g basod moinly on the wind tunnol studias mado by
Plato (18), Good ond Joubort (6) end Rangaraju ond Gardo (18).
An attaapt at extovding those results to open channol flor;_(iﬁ )
proved uncuccassful, probably becauso of the influenco of tho
froo surfaco. Hance one acpoct of tho study wos to provido
information on the rosistanco of o singlo element placed on o
nlano boundarye I may bo noted that this fomms a limiting
cago of o sorles of elemonts placod on the boundary.

1.4 Limifatlons of Studys

The owperiments woxo porformed on teo-dimongional shazpa
odgod roughnogs olcments of nogligible thiclknogs placcd on

tho bottom of tho flume and oxtcnding acrwss the ontire widthe
Tho work was carriod out in throo parta:

(a) To study the rosistanco of a singlo igolatod roughnogs
olgacnt placed on the boundarye Two sizos of olomont
viz 3 cm and 4 em woro Uaed to cover a rango of D/h frmon
2.0 to 12,0.



17

(b) To study the resigtance characterstics for a series
of roughness olements placed on a smwoth boundery
for large spacings viz L/h = 60 and k/h = 80. The
helght of roughnegs in thig case was kapt as 1 cme

(¢) To study the registanca to flow over strip rughnogses
placed bn a plane gravel bed. Using a mughnegs of
4 em helght, tuo different gpacings (L/h = 40 and
L/h = 20) were uged in this part of the study.

The experiments were, in all cases, restricted to low

fyoude numbers.
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Congiderablo work hag been done curing tho lagt thxoo
docndes concormning tho rogistanco to flow in rigid bounda:y open
ghannol:g. Using artificial rughnossos on tho channol boundarye
Thoso studios havo boen performed uging different typos and
arrangements of roughnoss ol cmentss Tho sallent foatures of
somo of thoso invostigations aro digeugsed in the following porce
graphge For tho prescnt gtudy tho roview of liteoraturo hag boon
divided into tuwo partss

(a) Studios on registanco of gingle roughness alemont kepe
oithor on tho tottom of zn cpon channel or on thé wind
tunnol flooz.

(b) Studios on reslstenco of serios of roughness olemonts

placod on tho bed of oan open channol.

Plato (13), 1964, studicd the problom of drag on a gmooth
boundary having a tvo-dimcngional sharpeodgod nomal plato
immorood in its turbulont Boundary layor. Tho oxperimonts wore
porformed in a wind tunnol having a 1.83 m gquaro seetion. Tho
holoht of plato wag varled from 1.29 em to 3.00 em gnd varlation
of tho drag coefficimt with 5/h wog studiod. (5 being thicknogs
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of tho boundazy layor). Tho moin conclugsiong obtained ag 2
gogult of hig invostigation woro:

(a) drag coofflelont cnlof tho roughnoss el gmont was wolatod
" 20 8/h by tho oquation,

Cpy @ 1+03 (n/8) V7 (2.1)

vhare, CDJ. = Drag coofficient of tho plato with respeoet W

freo gtroam volecity.

(b) The nogative friction in tho standing oddy zono cancolg
tho positivo friction downstroam of roattachmont point
ovor o dlstanco 33 times tho hel ght of mughnoss oloment.
Boyond thig point, theozy of undisturbcd boundary layor
is opplicablo.

Adschl (1), 1964, conductod opcen channel swdies uging a teoe
dimongional woodon bar S mm high and 6.4 mm thick placod on tho
channol bods He moagurcd tho formm drag of %he strip' undoy
vorious depths of flowe Tho tosts woro carri od out in 2 20 e
vida, 30 cm doep and 14.40 moters long gteol flume having o
slopo of 1/300. Ho arguod that in caso of roughnegs olement
placod on tho channel bad, tho Qolocity gradient over tho oloment
hed cht 1s marked and accordingly tho avc;rage volocity nedds 20
bo tokon pg tho charactorstic volocify. The rolativo dc,o{h p/h,
wos found to bo a signiflcant paramotor and to affoct thoe drag
coofficiont defined vAth rospoct to avorago volocity. |
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Congaguently ho plottod CD agoingt U/h and tho eurvo pmpoood
by Adachi hao boon shoun in Figuro (8.3). |

God ond Joubart (5), 1968, mado an omperimontal study
on tho drag coofficicnt of 2 two-dinensional nommal plato
ixz#aarsod in a turbhulont boundaxy layor. Tho owperimentol brags
plato foxrsing tho gmooth boundary wag 6" wido and 3 £ 7° long.
Tho helcht of nomal plato was varied frem 1° to c%-" by
firmly clamping it to a &" vida pancls Thoe raesults showad thaot
tho drag coefficiont of tho plate is .rolatad to diman.sionxcos
paramotoy V*/VO oxet possibly whon h/8 < 1, in acoo rdoneo
with the relation,

Cpy o £ (Vo WA (2.2

wﬁero. Vo © free gtroam volocity

and V.= ﬁhaar volocity

1% was furthor found that ovor a considorable rango of plato
hol ghts cnl varies logarithmically with h/8, the slopo of
gemi=log plot boing differcnt for differont \;/\lo-- Thoy oleo
conparcd tholr data with Plato’s dat_a and found tho sgromm?
goode

- Chang (3), 1970, corriod out dotailed investigationg

~ of tho rolationghip botwoon friclion factor of flow ovor zipplo
bods and goometric proporties of zipples such as shopo and

- conccntrotion. During this atudy, ho studied tho length of
gtanding oddy bohind a tuo-dimonsional noxmal plato plocod on
tho chsnnol bede He found that Ly/h 15 a function i:)f o/
Flg.(3.19) shows tho variation of L,/h with Tm/,,' for wung
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in the range of experimentsy perfoxmed by tham the resistance
could be predicted by using standard values {22) of drag
coefficlent,
This concept implied that the interference effect is
not significant. However while dealing with gmall spacings
and varlous types of roughnesses one can gtill expect the inter
ference effect and this aspect nesds further investigation.
Morrls (11), 1935, presented a now concept of flow over
rough pipe and channel surfaces based on the effect of
longl tudensl gpacing of rouchnegs elements. He expressed the
opini_.on that longitudenal spacing of the elements is a wughness
dimension of paramount importance in mugh conduits. He

elassified the flow ovar rough surfaces into three categpries:

(a) Tsolated moughness flows In this type of flow wake zone
at sach element is fully developed and dissipated before
the next element is reacheds For thig zone equation

of friction factor was given as,

67.2 C \
*Ns |
f= £ 1+ Dl (1-——1:-— ‘2.4
. T 7 ) )
where, f’ = friction factor for plane boundaxy at Reynold's
No. of flow |

N= no. of elements in periphery
5" clear periphorsl spacing batween elemonts
and P = wotted perimoter.
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(») Wake interference flow: 1In this case spacing of
elements 1s such that the wake zones behind each slenent
are mt fully dissipasted before the next clement is
reacheds For this type of flow he found that,

e = 2 1og, B4+ 178 (28)
Ve %, £~

{e) Quasi-smooth flows When mughness elanents are g0
close that the flow skims over the crest of cach element
and stable wrtices exisgt between various eloments the
flow was temed as quasi-amoth. TFor thig type of flow
Morris gave the following equstion for the friction
factor,

cC u, \
f=f ¢ (.-..W...b..)l / . - ' (2.6)
s v h,J
where, Uy, s the velocity at the crest level of alument

C, = constant (taken as 0.%)

J = width of gmove

In the equation (2.6) oither h or j, whichever is gmallor is
to be used. | |

Sayre and Alberteon {21), 1961, carried out flume
studies on discontinuous angle 1ron roughness elements vith
different spacings and studied the wariation of Ky ( mughnoss
paranmeter) with pattemn of mughnesse They suggested the
resl stance equation as

-%5;- = 6,06 log, -;‘(2-'- | (2.7)
. ]



The sbove eqmation yleld a value of Kamman's constant (K) as
0.38, however analysis of velocity profiles rew?ealod that K
changes appreciably with roughness concentration. Nevertheless,
they recommended K 15 oqual to 0.38 for wake miterferonce flow.
From the study of varistion of K's with the rouchness
pattern they found that for dif ferent a‘:xgngaaont and type of
roughness elementg maximum‘res'istan.ce éould occur at varioeus

concentrationse

0?7 Loughlin and Macdongld, 1964, pexrformed open channel exporis
ments and Investigated the offect of roughness pattem and
concentration on the resistance coefficlent. They found that
shape and pasttern of roughness @lements has no significant eoffect
on the resistance coefficient below @ concentration of 0.10.

But above thls value of concentration resistance coofficlient

l'g'affacted considerably by the concentraticn.

O'Loughlin (26), 1965 aseumed that the departure fmm
the logarithmic profile san be expressed by def,.ning a Momehium
diffuginn eno¢fleiont 8%, such that,

€' = €1pqt € - ()

The velocity pmfile is a combination of a logarithmic field
and a mixing effect in the wake layer. .

T
Here € =
109 ( 9&“’)109

S ' | (¢)
PAV,

(%)
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&' was agsumed constant botween the boundary and a levol
Y = 0.20 which is compazable ¢ roughness helght i.e. Gw will
be negligible above this levol and €' will be equal t elog‘
Assuming such a distritution of €', he obtoined tho volocilty
distribution for flow over a boundary with cubes placed at a |
rogular spacing. He found that the actuzl profiles showed
‘qualitative agreement with the theoreticsl profilese

He also studied the vartation of Télﬁ’o with p/h
and youghness concentration as predicted by hig mathematical
mdel.

Here T‘;ln Average shoar stress of the boundary betwoen

the moughneas clements.

and To = Total shear strasse.

The sxperimontal valués were found to be lower than this.
For cubes with concentration y = 1/286, 1/128, and 1/64, the
values of 1';)1/1"a wero found to be 0.60, 0.50 and 0.42 respectively,

for the D/h value vged by hine
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Rengaraju and Gardo (19), 1970, corried out invostie
gotiona of tho interforcnco effoct on tho rosistonce of tuoe
dinonglonal stxip rouchnogs ot difforent spocingss Thoy Gund
thot tho total rosistenco of a plane boundary having gorles of
" goughnogs alemants with L/h botwoon 2.5 and 40 cen bo assumod
ec;ual to form rogigtenco of ¢tho :mighneag olomontg. Bogod on
¢lumo and tunnel data, an ompirical equation for computing tho

drag was given os

—#E-D # €y logy, B+ C, (2.8)
vhero G ond C, are constants and functions of L/he Tha
variations of C; ond C, with L/h aro shown in Fig.(2.2) end (2.9)
rospactivolye.

Rangaraju snd Gardo alep showed by plotting of data
¢hat the mothod given by Moxris (11} does not yield satisfoctory
rosults oveor a wide rengo of dato.

Poborson and Chon {(20), 1970, investigated the flow in
conduits with low concentration with regularly spaced cubog and
pphoros ¢ as to obtain functional relationghip botwoen coms
contration of given typo of voughness and rosistanco producod
by this roughnosse ‘Thoy daovolopod o procodure for obtaining .
traonsition functions for flow in conduits roughened with dige
cxoto olements, assuming o ogarithmic volocity dlatrilution with
a suitable corroction for tho 'wako effoct's The drag chaoxaos

torstics of mughness olemonts, viscous resistance of ¢tho
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ompoth wall and volocity distritution concult wore considoxod
gcporntoly snd cquationg roloting thege wore colved to obtain
o rosiatanco rolatlon. Tho plots of transition functiong %oz
differcnt concentration ranging from 0.0001 to 0.1 jg woll
a0 curvos of cooffleient of drag againat Roynolds number woxo
dico plotteds Thogo curvos for cudbleal roughnogsos aro shovm
in Figuros (2.4) and (2.9)s

A comparison was also mado of tho data of thig anplysis
with tho oxporimentsl rosults of Koloscus and O'Roughlin ag
ohown in Flouro (2.4). This Indicatos roaconably oood agroomont
batween theory cnd owp erimonts.

Drag cooffictont values computod with rospost to on
volocity over the height of the roughness elemont (cubo oy
sphoro) woro found to b2 lndcopendont of tho nature o;"-volaei'ty
dlstribution, )

Basidos thoso Investigationg discugscd ebovo, saversl
othor invostigations havo baon earried out by Kolosecus (9),
Potorson ond Mohanty (14), Pouso, Kologass and Davidian (23),
Horbich gnd Shulitp (7) using artificial mugbhoos al emongge
Thogo have not boon roviewod hera, since thoy aro not dirsclly
rolated to tho work plonncd in tMs atudy.

s imnk)

Arong the various invostigations on thoe subjoet of
oztificial pughnoss, tho studios of Rangaraju- Gardd and Foboroon
and Chen are tho only onos deooling with the indivicdual mughnogs
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offocts cnd may bo sold to bo basod on the idoag put forwazd
by Eingtoln gnd Benkse It 45 intorosting to noto that tho
studios of Rangoraju and Gardo woro porfomaed at falxly hich
concontrationg ugsing two~dimengional stxips. As such thoy woxo
concomned with the varlotion of tho form drag eoofficient of
tho strips with thelx goometzy; tho gkin friction ef tho pleno
boundazy wos found to be practically nil. On the other hand,
Roboreon and Chen porfomed thelr oxporimonts using cubss at
low concentration. Thorofore, tho skin fxiction of the plano
boundary was found to bo a significant part of tho total rosiee
tanco and the premi.ae that th is independont of volocity dige
teilution wag found to bo valid for the low concentrations
studlcd by thome In 3 general caso, one would pogsibly bo mqﬁircd
to consldor the skin friction of tho plane boundary as woll as
tho varlation of tho form drag coefficient of the roughnosoos
with tho relative cpocinge Such an gpproasch is plenned during
this investigation. |



CHAPTER =

3

30



Having congidorcd the work of past investigators on
tho problen o £ rosistanco, come basic gspoctsg of tho problon
oro disecusgsod in thig Chaptor.e Thig would goxve as 2
guideling for tho subsceuont analysls of the data of the
presont invegtigation.

It ig woll known that a body placed in 5 fluid flowing
‘at un form velocity paot 1t exporiencos s forco In the diroe
tion of flow which is temmod ag drag- forco. Tho body, in
tumn, oxoerts a force egual In magnitudo but opposite in
dlroction. This is commonly known ag resistance. The total
drag on tho hody s tho aum of deformation drag, friction
drag and form drag. Doformoation drag s duo to wido ¢proad
deformation agnd ocours only at low Roynold numberg. Frictilon
drag is cousod by tho shear strass due to the volocity
gradicnt neaf the hodv ond is a function of Reynold's numbox.
Tho form drag, on tho othoz hond i3 due % progsurs
difforenco botwwacn the front ond roar of tho body causcd ag
o0 result of scporation of flowe 1In case of two-dimenglonal
sharp-cdgod strips k@t in o fluid where Roynold' g numbag
oxcoods 100 only form drng s provalent, tho oxtent of vhich

31
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ig not known for varioug goomotrlies. In tho casoof a plono
boundary with o recular array of two-dimongional strips total
drag is cqual to the drog on the strip plus the drag of tho
plane boundaxry. Sinco no thcoretical mothod is avallablo for
ostimation of foxrm drag on nomal stripg placed on tho boundary
ot dif ferent spacings, experimontal investigationg aro ¢tho only
solution. Alco estimation of frictional resistance of the
plane boundary by theoretical methods is complicatoed betause
of the prescnee of scperntion zono and the {ll-dofined
characterstics of tho redoveloping boundaxy layer. Honeco the
convenient way to tackle tho prodlom ig to resort to experimone
tation. The present agtudy is, thereforo, planned to provide
oxperimontal data on the form drag of strips and tho gkin
friction of tho plane oundary at vsr&ous spacingse In thig
Chaptor dimensional analysis of the problem has been corried
out to facilitato analysis of the experimental dato. Alco
gome bagic ideas resulting from paat 1nvestigation's havo boon
introduced to obtaln equationg which would form the gtarting
point for snalysis of datae

The forco AF on g unit width of a two-dimongional nmogmal
plate kept on tho boundoxy of an open channel e¢an be doscribod
by tho following functional rola=tion:

AF =@ (h D, V, P 4 1, ) | (3.1)



where  1s the mass dengity, & « dynamic viscosity of the
flowing fluld and g « acceleration due to gravity.

By choosing V, h and P as repeating variables the atove

equation can be revritten in dimengionless fom a's.

<L w0y (n, B, ) (322
P-é-*oh _ A
1.00 caaoz (t/h, l’;‘gf-. é’-ﬁ) (3.3)

For sharp ~ adged roughness elements kept in s unlfomm gtream
the drag coefficient {s known to be independent of Reynold's

number o f values of Reynold' ¢ number above 103. Agsuming that

this is valid for elements on the boundary also, Equation (3.3)
can be simplified for Ry > 108 ag,

Cp = 8 (D/h, ?'\g!'i;" ) (3.4)

The Biuation (3.4) gives the functional relationship of the
drag eoefﬂcimg of an is0lsted mughness element placed on

the tottomof the flume. The variation of Cﬁ with bath thege

parameters will be gtudied in the present investigation,

43
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The socond aspoct of tho oxperimentsl progromme is 0
moacure the rosistanco charact orgtics of » plano boundazy with
gravolsg of 2 mm gizo gluad on it, tun~dimenglongl strips being
fixod on this gurfaco at theo desired gpacing. 1t ig intendod
to dotormine the total rosistanco of the boundary ag woll ag
tho form drag coefficient of fhe strips by prossuro Moeasuxancntge

The functional rolntionghip for the total roglstonco of
the boundary can bo written as,

.5"’94tv¢90f° o 4y G hy dy L) ~ (3.5)
whoro, d o grain gizo.
Choosing, ¥, D ond P og rcpeatiing variablos,

S = B o BL, o/h o 1/ (20

( S
Job
Thig can bo mod ficd ag,

..'%; = 0 | @-—%-— . %‘f.. s D/hWD,L/M)  (3.7)

At low Froudo's number rosistonco coefficiont ig indopondont
of Froudo' s numbor ag found by Kologcua (9). Honeo 7&%" can
bo omittods Furthor E’Aﬁ. can alco bo icnorod for Ry > 109
h/d ronained constont curing tho study, henco Equation (3.7)



gimplifles to,

= 0, (o/h, L/N) (3.8)
*

Using tho hydraulic radius with rospoct to the bod of tho flumo,
Rb’ the foragping equation becomes,

: %; o 0g (Ry/hy L/N) (3.9)
Similarly tho drag coofficient of the gtrip can be written
08y ‘

CD = @9 (D/ha L/h) ‘3010)
3.9

In this agpect of tho study it is proposad to ugo ttoe
dimengional gtrips of 1 em hoight placod at tho dosircd gpaeing
slong tho length of the flumo. The total roegisteneo of tho bod
og woll as the skin friction of the plano boundary would do
neagurod. From those it 1s proposod to egtimate the fora .
rosistanco of the strips ag prossuro measuremont on a gtrip of
guch 3 gmall height would be very difficuli.

For tho total roasistanco of the oundary, one can writo
the functional rolation,

§' e @loﬁl sDs P o hy 8, g, L) (3.11)
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This can be gimpliﬁod %0,

8; = 631 (RN, L/h,z’-fbf- ) (3.12) .

aftor omission of Froudo's number which 1s very low in tho

presont experiments.

In general tho avorage bed ghear gstross, T, o can bo
written as sumof the shear duo to the mughnoss olements and
the net ghear due to the skin friction of tho plane boundary.
It may be noted that within tho acparation zono dovmgtroom of
| cach element, thore is rovorso flow ot the bed and honeo tho
shear is negativoe Dovmglrosm of tho standing oddy, the shoox
13 onco again positivoe Honco two appraches are opon for
5na1ygig of the gkin friction data and tho computation of tho

fom drag of the roughnogss ol ementgs

I _foproach:s Whon the nogativae shoar in tho standing oddy is
complotoly neglectad, assuming tho reverso velocitios to b0

o low to cauge any gheare

XX _Aapmachs Uhen it 1g agsumed that the nogative shear in
the zone of standing oddy cancols with the positive ghoar ovor
o cortain distanco from tho boundary. Further analysig will b
carricd out baged on both theso appro ache'g. |
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3.5.1 Ay ach

1{f negativo friction 1g completoly negleocted thon,
total ghear can bo writton ag,
T‘o o 1‘51 4 ?5'1 (3.13)
whoro ‘l‘(',1 is the avoragae shoar stross due to the skin fric-
tion of tho plano boundary (Soe Flg.(3.1)).

and 'r;l = ghear stross dio to form resistznce of mughnags

el emantg.
Tl
0y May be written as,
Py,
L
Tol = Cfl 5 (3.14)

and T;;l may bo writton ag,

o, "y PE- (3.18)

Ruations (3.13), (3.14) cnd (3.13) will form the bagis of
analysig of data using this approach.

3.3.2  IX fonxanch:

Plato (1%), in his gtudy bf a nomal plate placod in 3
turbulent boundary layer, found that the net friction of tho
plano boundary for a dlatanco of 33 timos tho helght of ¢tho
plate from the plate 15 zoex0. Apparontly, within this distanco,




tho naegative friction within tho standing oddy compengataes for
tho positive friction downgtroam of tho oddy. Similar rosults
aro not available for fully dovelopod flow in an opcn channol

on which 3 gories of wughnoss doments sro placeds Howevor using
Plato's critorion for thiag case also, as a first oppmximation,

ono c¢an writo
LR SR e | A(s.le)
‘where TL s the effective or net positive friction of tho pleno

bou nda!“[ (S@e Fig- (30 1) )o

1'3 and T; may bo writton ag

vﬂ
L c€3 P-i-. (3.17)
and, ?; = CD e h/L P"'gg (3918)

Bquationg (3.16), (3.17) and (3.18) will form the basls for
onalysis of dota uging thig spproache On the basis of

dimongionol analysie presentod ocarlier, one can writo

V Ry, P

d,
" Cp v Gy = 0 (0/h, L/} | (3.20)
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XP ERIMENTAL_SAT-UP_AND PROCEU

4.1  PxalAminaxy Benaxjceas

All the experimonts conceming the presont investigation
woro conducted in the Hydraulics Lahoratory of the University
of Roorkoe, Poorkeo. The work was progrzmmed and executod as to
provide detallcd information rogarding the various parametors
raculred for further analysis as discussad in the preceding
Chgptere The oxp eriments wore perfomed in three parts vize
oxnerimonts on the single isolated mucdhness element placcd on
the tottom of the flume, gtudies on gserieg of roughneas cloments
with rough boundaxry and sorles of elcments placed on 5 smoth
boundary. The detalls of theso oxpetiments, varlous equipmont
used and the procedure followed aro digcugsod in various goctiong

of thia Chaptor,

The oxpeximental work was done in a 47.25 cm wido, 60 em
dogp and 11 metors long #1lting flume with glass sido walls
and a wooden false botton::m;'-t‘z)e flume was of the recirculating
type with an overhead tank snd sump arrangement. It wag provided
with adjustable brags rails on the top of each side wall and
those woro maintained parallel to tho bade Tho pointor gogo

t7as mountod on a whoeeled carriage which could be mved on the



railss A tail gato was providod at the downgtroeam ond of tho
flumo for adjusting _the dcoth of flowe

Tho dischargo was mopsured by a calibrated roctangulape
scharp=crested wolr installed in 3 tank downstroam of the flumo.
The volocity distribution in the flume during a run was meacurod
by a calibratod prandtl tuboe The ensuing hoads wore reoad on .
an inclined mgnomoter.

Progsure mossurements in cage of single element and
clements in rough boundary were mado using a sharxyp~odged clemant
of woodgozoem thick but chamforod at the top to get a lcn1§0
0dg2. Progssurd tzps were provided approximatoly 5 mm epozt
both on upstroam snd downgtroam fasces of the olemont, but vory
eloso to tho contro of its widthe Plagtic tubes wore conncected
to the pressure taps =nd led to tho limbs of on inclined mano-
mater.

For studios on gerles of elements anglo iron strips of
negligible thickness woero nailed to flume battom ot the required
spacing to form the mughneoé. The elemonts gspanned ovor the
full width of the flume In all the runs carried out gmﬁng thig
study. |

For the study of tho variation of drag on a single noxmal
plate kept on tho boundary the tvo~dimensional woodon gtzip of

i1
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tho r.oquirod height wos nolled to tho flume botton at a dlatanco
3.3 m from the upstroon end_ of tho flume. For any particulax
discharge, tho roquirod deoth of flow upstroam of tho oclomont
vos obtained by adjusting tho tall gatos Tho pressuros on tho |
two facos of the élomcnt were then meacurads |

~ Velocity profile st tho centre lino of width was tckon
50 em upstream of thoe oclument with 2 calibratod prandtl tuba.
Flow depth for sach yun vag moasuyed by a pointor gags having a
loast count of 0.0l cne Tho tomperature of the flowing watoer
and tho discharge wore also recorded.

The axporiments woro performoed uaing strips of tvo hal ghtg,

viz 3 ¢maond 4 eme A total of 14 runs covering range of depth
fyom 7.50 em to 26.0" em wore mado for this study.

In order o havo a rough boundary gravel of glzo 2 mn
t1as gluod uniformly to bottom of the flumo. The roughnogs

el emants usod in this part of study woro anglo imn atrips of
golvanigod iron 4 em in heig}\éfepggg\mughness element noaz

tho middlo of length o flume wag made of wood and provided wigh
prossure taps to facilltato progsuro moasurement. The empeoris
mcntal vork wag done on two glopes 1 x 1073 % 2x 1073, ror
cach slope tro di fforcnt roughnegs pattems, of spacing €0 em
ond 160 e woro useds Aftor tho rogui rod xdughnoss pattomn

vtas placod on tho flumo at the degircd slope, unifom flow was
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ostoblished at pre-deotormincd dopth and tho dischargo ond
tempoeraturo woro moagurcds On 0ach slope throo difforont
depths wore used for osch pughnoss pattomne. For ocach un ¢o
volocity profilog were token, midway and quorterway botwoen ¢he
roughnoss clemontg in a3 ronch 5.5 m fryom upstroam end of tho
fluno. The average velocity of flow in the vertical centxe
1ino was obtained by integrating the abovo pmwfilese Tho moon
0¢ the values given by tho abova profflos wag used as the
averagé veloecity in tho vertical contre ling in calculationse

Tho pressure distribution azound a reprosentative olemant wao

meagured as in the caso of gtudies on gingle olement.

In the studlos of mughness placod on smooth boundazy, 1
en high anglo 4ron strips Were nalled to the bottom of tho
flume at the rerulred spacing. Two different spacings, viz 80
em and 60 em, ylelding L/h = 80 and L/h = 60 wero uscde Tho
oxperimionts wore perfomed at two slopes, viz 1/1800 and
1/7s0.

Aftor tho reguircd roughness pattern was placed on the
bottom of tho flumo sct to tho desirod slope, uniform flow
wog ostablished at a predotermined depths For oach valuo of
L/h, throo difforont dedths, viz 3 em, 10 cm agnd 15 em wowo
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ugad for oach slopo. The dischargo and the wator tawpornturo
vore algo noted. |
For all the rung tho veloelity profile was moagsured ovor

tho olmont as woll ag midwoy botwoen the tvo olemontg at
the contro line of width. Skin friction measurements woro made
at three soctions distant 5 ¢m, 15 cm and 23.60 cm rospoctively
fyom one side of the flume using a Preston tube of dis 0.2036 eme
The obsorvations wore tzken at these throo sectiong over ¢tho
ontire length botwoon two roughness elementse Only tho pooitivo
shaar valuaes were moasureds It may be mentioned that tho
velocity and shear measurements were made bayond a distconco of
3.3 m fyom flumo entrance to avoid tho offect of ontrance
disturbances.

J From tho Praston tube readings, the shear was calculatod
using tho curve glven by Patel (13). The cauation given by
Patol (13) are listed below for reforonces

For range, 3.5 < Y& < 5.3

X"= ¥+ 2logy (1.95 Y+ 4.10) (4.1)
A g8
whera, x*a lo %o ( oPeeen ) - {4.2)
4pv?
ond . TH @0 |
Y= logy, ( =feeme ) C (4e3)

a4pPy?



where, T:) fs skin friction

and ~d' §s the di'meter of the Pregton Tube

and A?p 1s Proston Tube reading
In range, 1.5 Y & 3.8

v'e 0.8287 - 0.1381 X*¢ 0.1437 X*? ~ 0.006 X9
Finally in Range, Y* < 1.8

Y 0,5 X% 0.037

(4.4)

(4.5)
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NALYSIS O M 'y

The omporinentol doata collected on tho variloug acpocto

of tho problom havo boon anolygsed &n this Chsptore Tho

analysis hag boon carricd out on the basis of the functionol

41

relationship developed in Chgptor YIX. Firstly the rosistance

of a single olement placed on the boundary hag boen gtudiod.
Tho data on strip roughnoss placod on a gravol bed hava boen
ahalyscd lator. ;astly the strip mughnead data for caso of
a stooth boundary have baen anplysod to extend thalrosul‘ts
of Rangaroju and Gordo (19).

S¢2.1 Prassuxa Matxiintion:

The data concerning progsure digtribution around tho
element placed on tho bed, havo bhoen analysed firgt. "rm
pressuro mossurementsg for ony run indicatod o reasonably
congtant valuo of progsuro on the down gtroam facoe Hehco,
for the sake of convonléwca tho pregsuro distribution hago
boon shown in a prossuro differonce form {vide Flg«B.l).
Hoxro Py is the proessuro on tho upstream faco, Py 1s tho
prassuro on the downgtroam facd and y is tho helcht moaguxe
fyom tho bottom of tho flumo.

It hag beon pointcd out carlior (15) that such a form
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of plotting doos reflcet all thoe charactoriastics of varliastiong
o f upstroom progource Flge (95.1) shows thot tho prossuro on the
upsirom facd is alco maroor loss constant over the hefehe,
onccpt for a gmall heleht noor tho top. Tho voriotion of Pu
olong tho hoicht for large D/h valuogs con be geen to bo smollogw
than that for gmsll D/h voluoge

De2.2 1;

Tho drag coefficl ent, CD' for ocach xun wag obtaincd by
intogrotion of tho progsuro dif forenco diagrams simllar Qo
Fig. 5.1s As shown in Chaplor 3, Cp is oxpoctod t0 b2 0
function of D/h ond Fp « Figuro (3.3) shows the variation of
drag cooffici entl with D/he It 1s socen that drag coofficient
decx;aasos continuolly with incroasso in BH/h, the decronso boing
pronouncad in the range of D/h betwoon 2.0 and 4.0

The values of V/VaD aro markd opposito ooch point on
Figquro (9.3) ond Fr dos not soom to have ony offact on Cpe
‘Howovor the rengo of Fr covoerod in this gtudy is very gmall ond
more data are roquirod % ascartain the influenco of Fr on Cpe

Tho curvo proposod by Adachl on a 6.4 om thick strip of
hoicht 5 mm placed on the bod of the flumo is alco plpttgd in
tho Figuro (3.3). I¢ con bo goon that at low voluos of D/h
Adachl! g curvo agroes with thot proposod in this study foz
o*7ips of zoro thicknoos; ot high valuos of D/h Adachi's eurve

falls abovo tho onc proposod horoe It ig not knwon whothor
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Adachl has usod tho avorago volocity in the verticsl centoy
lino ag indeod it should bo with the center lino progouzo
moasuromontge Obvioualy if the averago voloecity ovor tho
croas~gaction is usod along with centor lino preossure meaguxos
menta tho computed Cp twuld be higher. Further, studiop by
Vijaya Singh (23) on tuoedinengional normal plates with vaxloug
valueg of t/h have shown Cp to increase with t/h in the

rango of O to 1. Since ¢t/h was 1.08 for strips usod by Adachi,
the higher valuos of CD obtained by Adachi may not be ine
oxplicablo.

Tho drog coofflcient for o plato on tho bed of zn opcn
channel ean be predicted using the cDo V/s 6/h curve proposcd
by Rangaraju - Gardo (Soo Figuro 2.1) along with tho cquolion
for blockago, namely

Cp = cn@ (1 - n/p)~2-8% | (2.3)

Obviously in fully dovoloped flow in an open channol, D= 8

and henco cpo cen ba road from Flguro (2.1) for tho requisrod
valuo of D/h and then equation (2.3) uscd to find Cpe Such

a procedure hag becn ugod to obtoin a relstion betweon CD

ond O/he (500 Flquro 9+3)s It 18 soen that tho suthor's cugzvo
falls woll above tho curve predicted from wind tunnol studioese
The di fferonce may be due to thoe fact that in caso of wind tunnol
tho top bounsary wos smooth and parallol to flow whilo dn |

flumo water dcpth decroascd just downstroam o f tho elonmi.
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Thisg docroasc In dopth results in hghor acceloration of flow
which may load to hichor drog coefficient values.
Experimontal data havo oleo beon plottod in the foxn
1NCD V/s log D/h in Flauro (5.2). It 19 goen that tho
following relationghip flts tho data reanconably wells

wle = 0.83 log,, 0/h ¢ 0.13 {9.1)

It was ﬁ!entioned carlier that tho studlies on the rouch
boundasy ore performod to ©ot tho arguments of Rengaraju-Gordd
that for L/h £ 40 the not skin friction ia zorm and the total
rosistanco of tho boundary 1s oqual to form resistenco of tho
roughnegs olemontge 1f theso findingg are trzue thon the total
rosistonco of the roughened plato bad {with two-dimonsional
otrips placcd on it) should be equal to the total roalstaneo
of smoth plano bed with the samg arrangemont of stripgs Tho
dato collocted on the rosistance of the gravol bed with gtrips
placcd on it has bean analyged in this section tochack thego

preanisage

8.3.2 Praswize Dlstodmtlons

Tho progsures moasurad on the two facog of the roughnoss
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olement placcd on tho bed of tho flumg indicotod that for o
given volocity and dopth of flow, tho prossure over the dovne
gtrog™ faco wag constonts Advantago was taken of this faet

in plotting tho prossuro disgtritution diagram, on the Flouro
9.4, whero prossuro distritution is ghown in form o f progsuro
di fforonce betwoon upstrosm and downgtroam faco of the olcmont
plottcd agoingt y/he Thoso dingrams indicate that exce v 51 0
gmall helcht near the top tho pressuro on the upstroam faco algo
remaing constant ovor tho helcht of the eclement. The d rag
coofficlent vaoluag for each run varo computed by the intogration
of corrmgponding progsure distribution diagramgs Tho Cy vbhioa
woro obtainod with rospect to center line volocitys I¢ con

bo notcd that tho avorags abcissa on the plotted curvog of Flge
5.4 ylelds the form &sg coofficient for the corrosponding =zun.
Tho naturo of variation of form dag coofflicient with relovent
paramotor will be studicd iIn Soe. 5.3.4.

50‘3-3

From the moasured valuos of the drag cwofficiont, tho

values of Tg wero computod from the folloving cquatioms

To=Cpe ML . P.V/2 (3.2)

The values of T3 aro plottcd against T, (To o ¥ abs). for
all tho twolvo runs corricd out using strips on a gravel. bod,
in Flouro (55). Tho agrooment botwosn T, ond 1’; 1s folrly
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¢ood oxccpt for thrco rung. It may bo montioncd here thot CD
valuog dotomined in tho flumo aro ugually liasble to scme orror.
The drog cwoefficiont was doteminod fyom center lino pregsuxo
ond voloeity measurcmonts ond tho average velocity in tho centorx
lino wag obtainod by intogration of volocity profilos takon.

ot two difforent crosse~goctions. In caso of & rough boundoxy
with large gtripg placed over it, the readings of the convcne
tional Prandtl tube could bo affoctod by the curvaturo of ‘ho
flow, thus introdacing somo ormor into the measured veloclity.

It should be notod that zny orrorg in the velocity will intmduce
largor orrors in tho computed valuo of CD- As such tho agrooe
nent or tho scatter on flgure may not provide adequato basls to
provae or disprove the contention that for L/h < 9O, thaA%tal
rosistance would bo equal to the form resistance of tho gtrips. |
Comparicon of tha total rosistance in case of smooth and

zough boundaries (with the same youghness pattorn on them) ag
dono in gsoction B.3.3.~ may bo ihe only logical basls %o st th

fo ragoing contontion.

96344 )

The dimonglonal analygis in Chaptor 3 hag shovm that
draog coefflciont cn ¢an bo expresscd ag

Cp = & (D/h, L/h)
Rongaraju and Gardo ( 19 ) found that for their dato tho relstion
botwoen tho above paramoters ¢an be put in tho fom



24

._\/.%;._ = ¢ log b/h + C, (238)

whore, Cy ond C, are functlons of L/he

Accordingly in this c¢rso alco tho drag coofficient valuog
computaod from maasurcmontp on rough boundary are plotted on
7::__;__ va. logy D/h plots for btoth the spacings (S0e FigeD.6)
D
The values of Cj determined indirectly {L.0. by taking totol
rosistance oqual to foxm rosistanco) for the smooth boundaxy
dataof Rangaraju;ﬁardo are aleo plottod on this figurocs thile
o mpjoxity of the much biundary data show agroement wicdh tho
data for smooth boundary, come pointe indcate 2 lowor valuo of
Cp than for the grooth boundory at co rsponding D/h valuogs
Tho probable ressons for this scattor havo beon discussod
proviously. From Flg.(5.6) one may ¢onclude that the drag
coofficiont of tho strip (for a given arrangenont) is not
sloni€icantly affocted by the roughnoss of the plane boundazy.

It has been ghovn In Chapter 3, that the total resistanco
of the rough boundary can be oxprassed by tho Equation 3.9 f.0.

"v* s Q (Rk/hp /h)
Acco rdingly tho data on rough boundary for the two difforent 1/h
values oro plottod on 3 graph of Vv, ve logy, R/b (560 FigeB.7).
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The data of Rangaraju od Garde on a smooth boundary for theso
Mo spreings are alco plotted on Figuro 5.7. It 1g intorosting
%0 notoe that data for rouch boundary show good agrocment with tho
data obtained from oxperiments on gmoth boundary for bath the
ogpacinggs Since the skin friction would be otherwiliso significant
in case of the rough boundaxy the agraecment of rough boundoxy
data with thoso of the smoth boundafy may be takon to subatane
tiate tho premisoof Rangaraju and Gaxdo that the net skin
fxiction is zoro for L/h £ 40.

For strips spaced at L £ 40 h, analysis has bean garricd
out on thoe assumption that tho not friction over a distanco
of 3% h downstroam of the elanent i3 zero. The distance B h

wag used on the bagis of Plate's results.

Typical velocity profiles for both L/h = 20 and 40 aro
shown in dimengionleas form in FigeB.8 and 5.9 respoctivoly. Tho
profilos have bsen shown for two different depths in G ach case.
Theso profiles wore taken at tuwo differant gectiong along the
length, as indicated on the fiqures. The data for both tho
spacings show a bresk in the profile and the ingpplicability of
a single volocity distrilution law over the wholo depthe Tho
break in velocity profile has been previously reortad by Niér:is(ll)
Adachi(l), O'Loughlin (12)e It has slso becn reported by snma



of thegso invostigators that tho velocity distxibution ovor tho
olcaent diffors appreciably from that botweon olemontge [ud
it $s intorosting %o noto from Fig.5.9 that the velocity dg-
trilution ono quartorvoy ohd midway betwoen eclements 49
practically the same for L/h = 40. Similiarly for L/b o 20,
volocity profiles tond to coalegces It 1g quite likely that
the velocity profile ovor the elemont may differ fyom the proe
filos takon botwoon the xbughnoss elemantss But ro profilo
was takon owr tho olemont in thls series of tests.

A comparigon of the velocity proflles has aleo beon
mado with the volocity profiles for the smooth boundary with
roughnegs olements obtained by Rangaraju (17). The curvas on
tho Figuros 3.8 and B9 represent the smooth boundary velocily
profilogs Three of the four typical profiles presented hoxo
ghow thoso curvese 1In caso of the fourth (f.0. for L/h = 20
ond D = 32,0 emg) no velocity profile was available for
gmooth boundary, henco no comparigon hag beon mado in this
plots It is soen thst velocity profiles for mugh bounaary
and thoso for smooth boundpry are similax which indicates that
tho frictional resistsnce of the boundary has no cpprociablo
offact on the velocity disgtribution in tho channol and i

gomain practically unalt orcd.
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S.4 Serles of Elenents on a Smooth Boundaxys
5.4.1 Preliminazy Remazkst

In this section, the data concerning the resistance of
two-dimengional strips placed on a smoth boundary have been
analysed. Flrstly the totel rosistance of boundazy has been
studied; this is followed by an analyals of the data concemn~
i'.ng skin friction. These results have been used subgequently
to determine the relation between form drag of strips and
their geometxyy. Firstly the appmach evolved here is used to
predict the resistance for Basha's muns (2}, and the predicted

values are Compared with the observed values.

$.4.2 Analvals of Total Resiatances

It was shown in Ch;pter.é that the total resistance can

be expressed as

3; = & (Ry/h, L/h)

The conventional resistance equation is,

;‘;: 2520 10g, *— + A | (3.3)

where K 1s the Kaman'sg constant and A 13 a constant dependent
on the type and arrangement of muchness elements.

The above eqation prrdicts a linear relationghip between
V/V*md 1091 -Eg— o 0On the basis of above muation on effort
was made to study the variation of VAV, with logy, T"
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Fig.(83.10) shows this plot for the two spacings tested during
the study. It shows that a unfque relation exists between
these parameters for a particular spacing. The equations

goveming the resistance can be written as

v o2 Y »
- liﬁ log, "ﬁ" + 5.9 for L/h = 60 (8.4)
nd. v - & b '
. - %28 log, -+ 6.9 forl/h= 80 (5.9)

This indicates that K = 0.3%6 for this type of roughness and
the resistance for L/h = B0 is greater than 6r L/h = 60.

The local skin friction coefficient C, could be defined

‘r!
Pve/2
where T; is the shear stress at a digtance x from the slement

(see Fig. 31). As mentioned earlier, tho skin friction

(5.6)

measu rementg were made along three rws parallel to the flow -
at a distance of B cm, 1% em and 23.6 c¢m from the side wall.

It was noticed that, in gneral, the shear stress (at any
distance x from the element) close to the wall tended to be
gbout higher then that on the centre line. However, one would
expect the ghear on the centre line to be highest. Neverthel ess

the average valueof T; along the width was used in the
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computation of C £

 Floures(s5.11)and (512)show the varlation of local skin frio-
tion coefficlent C, with x/L, x/h and Vx/, . Data for both
L/h = 80 snd 60 have been plotted on these figures. All the
fiqures indicate a similiar trend - 1.0, c:f values increasge
with of the akove parameters. However there is no unique

relation between C_ and any of these paramesters. No third

f
parametor, which would gystematise the gcatter on these figures,
could be found.

The local friction coafficient for the developing turbue

l1ent boundary layer is given by,

.08 : .

This relationship has been plotted in Flaure for comparieon
and shows a marked variation from the nature of variation
obtained in the present investigation. In case of nommal tum
bulent boundary layer c{ values decrease with increase of
Reynold's number whereas in the present study a completely
differsnt trend 1s indicated. This may be bocause of the fact
that the oundary layer downstream of the standing eddy 1s a

redeveloping boundary layer,

It was shown in Chapter 3 that for computing average
skin friction cosfficient two approachas are pogsibles In the
1 approach the shear in the standing eddy is assumed to be



goro whilo in I cpproach 12 &5 ossumad thot tho noet skin
friction for a longth of 33 h fxom tho clement is zome.
Obviously tho friction eoofficicnt valuog obtained from thego
tuo zpproachos would bo differente The varlation of thoso

fxiction coofficiont valucs with the pertinent paranotors will
bo discussed in tho fllowing sections.

Roforring to Ficuro 3.1 (of Chaptor 3) the avorago drag |

eoofficiont cfl vrags dofinod ag,

C, © Am-.—-m (5.8)
4 P
L P%
¥
- —& ' (509)
v ff
whozo F o is tho total positive skin friction botwoon tvo
rouchnogs olenentg por unit widthe
Anothor drag coofficliont sz can be deofined as
F
cfz -] ---(-D&i-g-:- {5010)
L, %3
N ) L/L | (5011)
Qll. 2

The variation of ch ond Cg with tho rolovant paramoterg may
2
now bo studicd.
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Variation 0of C. ond C, with V
y €n —%— 3

P

It 4 ompacted thot Cf! ond c:132 vould be functiong of
Roynoldg numbore Tho Roynolds numbors that can be eonsidorod
oignificont aro V R/, ond /v . Figures 5.13 and 5.14
ghots variation of Cfl and cgz vith YR,/ respectivolys It
ig goen that Cfl and cf.? docroaso with Incroaso in Reyrolds
numbor of moln flow. In both tho figures data for the relativo
spacings tastod viz. L/h & 60 ond LVh = 80, £all togothop
yielding a unfquo relationship.

Tho equation of tho axperinmontal line in Fig. 5.13 4g,

Cfl o % (5«12)‘
' ‘I’gﬁ& )

Similiazly the atralght linc of the Fige B.14 could bo given
by the oquation, | |

6. o W0:683 | (3013)
92 L 0&48
(VRy/), )

Vagiation of <:fl ond Cez'with Vi/y

The plots of ci,l ond c:ﬂ,2 against tho parametor W/,
aro shortn in Fige(5.18) and (9.18) rospoctivoly. These floures
indicato that skin friction wmofficiont docroases with incroago
of T’L/y » Again in both cosos oxporimental pointg for

60
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different spacings fall in such a way that seporate lines could
be drawn for each spacing.

9.4.6

As pointed out in Chapter 3, the net skin friction of the
plane boundaxry could be supposed to be the skin friction beyond
a distance equal to 35h from the element, on the basis of
Plate's raesults {13). Accordingly'net gkin friction would be
effoctive over the area BCDE (See Fig.3.1). Hence Cfs could be
defined as

cp. = .Area BCDE (%.14)
3 L P2/
. A (5.18)
L PYV3/2

whexe F" is the pogitive skin friction per unit width between
3%h and total length L betweon two elements, downgtream of an
element. The variation of Cfs with the pertinent parameters
has been studied belows

Flgure 5.17 shows a plot of Cfa‘ with VRb/V for all the
smooth boundary dta. It 1_5 geon that Cfa decreases with increge
in Reynolds number of the main flow. The data for both the
series (L/h = €0 and L/h = 80) fall together. The ecquation
of tine fitting the data is

. 0,256
g, * mlﬁ | (5.16)
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The Kamman « Prgndtl equation for a swoth boundaxy can
be written as "

-l- = - ® ’ vdd
Te 2109, , R.Yf. 0.8 (%.17)
’ .
This {s usudly expressed in gaphical form - R, vs fs

to facilitate direct wlution. For an open channel Reynolds
number can be wxitten as @'Rk/,/ and since the average shear
stress (of the .amooth‘ boundary) can be written as -}'-P- 2;— ¢
hence Cfs becomes, esqual to f'/4. Acco rdingly Equation (%.17)
has been modifled to show the varl»tion of c‘a with (4VR/) )
sceording to Karman « Prandtl equation. This equation

e
T

pradicts nigher Gfa valueg than those obtained from the straight
1ine of the data of the present investigation (See Fig.5.17).
The difference 1s because of the fact that Kozrman « Prandtl
equation is vplid for a boundary where friction remaing
constant. In the present case frictional reslstance of the
smyoth boundary is constantly varying because of the redevelop-
ing boundary layer.

Fige B.18 ‘shows plot of cfs vse W/, . The friction
coefficlent decreases with increase of YL/, . As in Flge
5.1% and 3.16 different lines are obtsined for the two different
values of L/h on which the investigation was carried out. It
may be seen that the scatter in case of individual spacings
in ihis‘ plot i¢ mich snallex than the scatter in either
Fig. 5.1% ox 5.16.



50.4.7 Variation of I:;/h vge ?IRJ/V :

Tho longth of standing oddy for difforont poughnogg
pattoms ugod in this study was computced from tho shar dlstzi-
bution diagrsms. Tho cuxvos of meagured skin friction vo x woro
oxtrepolated to f£ind thoe point at vhich the skin fxiction ig
2020, This was ‘taken no tho limit of the gtanding ocddye. Tho
longth of tho standing oddy has boon plottod in a dimongionloss
form 4n Flg. 5.19 which 45 o plot of Ly/h against Vi /), o
Tho data rovoal difforcnt euzvos for tho o di fforont mughnoss
' pottoms viz L/h = 60 ognd L/h = 80, I¢ may bo gocn that tho
longth o f standing oddy inexeasos with tho incroaso of 'Tmyv in
Yoth ¢as93: The roesulting curvog from the present invostigation
indicato o similiar trond ¢ that obtained by Chang (3) for o
gingle oclemont whieh incidontally 1s tho limiting cago of
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olomontg in orioss Tho rosults of the owporimcntal rung conducted

by Chang aro also plottcd on tho Fig.5.19.

A plot was alep mado between Ly/h and D/h tut no rolation
could bo ostablighod betwecn thaese parcmotors. Honeco thig
plot hag been omitted from prosontation.

Fode 8o V,

I¢ wos shown in Chgptor 3, that tho form drog cefficiont
for tho otrips could be doteorminod in ¢two ways on the bpols of
o dfforont aggurptionge Tho first ono is to noaloet tho '
nogativo friction within the oddy and asecribo tho differcneo
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0f totol shoar and mogsurcd pogitivo friction to tho rosistonco
of otripse Tho socond epproach g to agsumo the not gkin £zio
tion to bo tho measurcd skin friction velues beyond 33h {zxom
tho olcmont snd find 1’; accardingly. Tho latter proccdure hag
bacn ugod horo sinco tho mugh boundaxry studles have 1t
cupport 0 tho assurptions involved in the socond zppmache

As shown carlioy on tho bagig of dimonsional analyals,
the drag coofficlont of o mughnags eloment in serien eon bo

writton og

Cp=9 (o/h, L/h)

Tho drag coeffieiont for coch xun wog computed uging Equationg
0 2.38), (3.Y7) and (3.18). Agsuming a similiarity with tho
porl-logarithmic rolaotion for friction in pipog, plots of
I/V'cb Vge logh D/h wore plotted for different spacingas Thego
axo ghown in FigeD.20 whieh indicatos a linoar rolationshiy
botwoen A and logxo /h for two difforont L/h valuog uged

/Cp

in this study. 3Sueh a roietions‘hip wog algo found by Rangaraju
ond Gardo in thoir studios covoring a rongo of L/h fzom 2.9

to 40.0. It may bo gseen that tho:éo 13 a tondoncy for doto of
dif foront slopos to fall on difforent lincg. No explanaﬁon‘

could bo given for thisg tondoney ond henco avorasgd linos ozo
droun.

544.9 Variation of T! /'i'l vg L/h 3

It woo montionaed onrlior that tho oxporiments of Rangaraju



and Gardo (17) on a gmooth boundory having serioes of roughnogs
olemants showed that the total rosistanco of tho boundazy could
bo tolkon as oqual ¢ for rasistanco of tho roughnoss eloments
upto o valuo of L/h = 40. In othor words upto L/h = 40, ¢the
frictional resiatoneco of tho boundory may bo takon ag 2050
Howovor for largor epacings giin friction of the plano wundazy
vould bo importont. Fig. shows tho values of T4/T, (fece tho
ratio of nat skin friction to total gshear) plotted againgt
L/he Téﬂo has bocn ghoun %o bo zoro for L/h 40 on the baslg
of studios by Rangaraju and Gerde. The guthor's data ghows
considorable secattor but the paramotor T; /To can distinectly bo

soen to increoaso with incroaso in L/h.

B.4.10

In ordor to check tho validity of the method devoloped
hoxo, uso is mado of Bagho's (2) dota on tuo-dimongional strips
of nogligible thickness for a relative gpacing of 48. Thig is
dono as follows. The total rosistanco is glven by

TouT(’;é-T;
mCgol. P.W/20cy B Xu  (s.10)
'3 +Cy 5 .

In case of Dasha's data for L/h = 48, tho C; valuos for difforont
rung woro computod from the fquation (5.13). Tho valuog of Cp
woro computod from tho ogquation (2.3) using the ¢, and C, valuos
for a rolative epacing of 48 from Figs. 5.21 and 5.22 rogpoctivoly.



Tho total resistanco To wag thon computed fyom tho Eguotion
(5.18). The obgorvod and tho corputod valuog of T, 0T0 com-
porod in Fig.5.24. The valuos of slope for oach run axo
maxkod agalnst tho corrosponding point on tho figuro.

In gonoral the computod values aro within % 15 % o¢ tho
obsorvad valueg, thouch the computod valuog tond % be gnal lor
for data with largor values of slopo. This may bo cuo o tho
prosoneo of surfaco waves, tho rosistancae of which hag not boen

takon into acoount in tho prosont mothod.

S.4.11

Tho conventional reslgtance oquotion cab be writton

as
%; & -a&@ lnﬂw —e;—- + B (3.19)

whoro By = functibn of roughnogs geometry
sinco V/v, 1s eonstant for a givon value of D/h and L/h,
honeo KB v:auld'\algo be conztant for given valuos of ND,h and
L. Accordingly the volocity distrilution law could bo
writkon ag

U/V, = 0 (log, v/n}  for glven values
of D,h and L. On this basis typical dta on the volocity
diastribution for flow ovor zoughnogs olemontg in geriog hag
boon plottod in Floures 9.23 and 5.26. Tho volocity pwfiles
takon midway botwoen thg olcmonts and those ovor the olement
aro plottod togothor for eoch value of L/ he
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It is distinct that tho volocity ovor tho oloment ot
any given oelavation from tho bed is always greatar than tho
" volocity betweon the pughnogs cleamentg at the cormsponding
olevation. Thig may probably bo on agccount of the incroaso in
moon volocity ovor tho olement.

The difforenco in volocity profilo over the elenent end
ni dway batwoon the ~lements, noticod in Flouros 5.25 and 5.26,
havo bean praviously pointed out by Adachi (1) and Rangaraju
and Gardo {17). It &g seen from the Flguroes s2s2sxthat the
dif foronce botweon velocity profiles over the roughnoss olement
and'midway betwoen elementg ia 1.§rga:r In caso of largr spacing.
Anothox point to noto 1g that » broak in velocity profilo occuxs
iri ¢as0 of both tho spacings usod here. Thig fact hag alco boon
pointcd sut by previoug investigators (1,9,10,13).
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CONCUJSTONS AND SUGGESTIONS FOR RJRTHER STULY

The prosent investigation has thrown additional light
on the mechaniem of resistance to flow over two-dimensional
sharp edged artificlal mughness elenents in an open chanel.
The maln aspects of the problem investigated were form resis
tance of roughnesgs elements and skin friction of the plane
boundary haviné reqular arrangenent of roughnaess elements in
gseriese As 3 result of tho analysig of the data collected
during the pregsent investigations the following conclusions
are derived: |

38 The drag coofﬁcient of a single nomal plate kept on
khe bad of an open channel decreases continuously with
increase of D/h.

2. The equatlon

Cp = Dﬂ(l - 0" 2% g the curve of CDO ve 8/h
propogsed by Rangaraju and Garde from wind tunnel studies
is inadequate for the determination of drag coefficient
of a roughness element placed on the bed 0f an open
channel.

3. In case of a plane boundary having roughness elenents
placed on the boundazy in geries the total resistance may
be taken equal to the form resistance of the strips for

| L/h<40.

4. » Thq total resistance of a plane boundaxy with roughness
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ol caents having L/M > 40 con bo dotoxrmined by adding tho
form rosistonco of tho strips to the okin friction bkiwoen
3Bh ond L doungtroon of tho olemente 'Equationg( 28 ) ond
(3.18) plong with flqurog (9.21) and (3.22) cnpblo coleue
lation of tho foxm rosistanco whilo oquationg (5.18) end
(5.17) along vith figuro (5.17) can bo used for tho ecal-

culation of ¢tho abovo frictional resistanco.

It ig desirablo to eontinue tho study of tho problcn
presentcd heroln in ordor to got a bottor undaorstanding of the
phonomonon o f rosistances In this context the following

suggostiong can be made for further rosoarch on the probloms

i The proscnt investigations usod only sharxp edgod roughnogs

' olement g spaming tho whole width of tho flumo. Ragthor
studt s should b2 carried out with differcnt types of
roughnogs olem2antge.

2. Studios concormning the aslkin friction of tho boundazy as
wall as tho total fagistanbe of the boundary shouls be
modo with largor epa¢ings. |

3o In caso of rosistance of single element more studles
gshould bo made on @ ffect of Froudo's numbor on drag

coafficienta.
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SUMMARY OF DATA COLL SCTED BY THE AUTHOR ON SINGLE ROJGHNESS FEL 84 ENT

Witith of the Flume = 47.25 cms.

S ST,

Run No. (!':‘m chs Cugees ¢ ems/ soc Cp
\

| 4.0 8.3  1.20 7.5 31.30 6460
2 4.0 10.10  1.50 19.% 30.90 4450
3 4.0 12,00 1.70 19.0 .11 2,81
4 4.0 16,01  2.2% 19.0 29.82 2426
s 4.0 16,01  3.00 18.0 40.00 1.81
6 4.0 .1 LB 17.5 2%.08 1.47
7 4.0  32.00  4.80 18.0 32.21 1.32

3.0 7.%0 1.00  18.0 28.25 4.7

3.0  9.00 1.2 19.0 28.80 2.91
lo 3.0 15.01  2.%0 18.5 35.60 1.98
11 3.0 18.00  2.8% 19.5 33,73 1463
12 3.0 21.10  3.14 19.8 31.40 1.23
13 3.0 27.03  3.70 20.0 29.20 1.18
14 3.0  %.02  4.70 19.5 28,21 0.814
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