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This thesis presents the results of an experimental 

Investigation on the mechanism of resistance to flow over 
artificial roughness elements. The studies were carried out 

on two»dimensional sharp-edged strips of negligible thickness 

placed on the bed of an open channel. The various aspect$ of 
the problem covered by the experiments included the resistance 
characteristics of a single roughness element as well as those 
of series of roughness elements placed on a smooth boundary« 

In case of el events in series,  using ti dimensional, strips 
having relative spacings of 60 and 801, the total resistance 
of the boundary$  as well as the akin friction of the plan* 

unary were measured; the latter was measured using a Preston 
tube. Experiments were sls* 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 standing eddy cancels with the positive friction 
further downstream and thus the net skin friction is zero. For 
this purpose experiments were made using t w dimenaio na1 st rip 
placed on a boundary to which gravel particles were glued. 

As a result of the present investigation it1was proved 

that the above hypothesis is true upto a relative spacing of 

40. In addition, information has also been presented about the 
form resistance of the strips and the skin friction of the plane 
boundary at relative spacings exceeding 40. Analysis of data on 
the drag of a single element has indicated, a unique relation between 
the drag coefficient and the relative depth;,of flow. 
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LIE C► -- MMBp 

bol 	1 $ems n.~nina. 	 Un t 

A 	= Projected area of a body on 	ma 
e plane normal to direction 
of flow 

i'_ menC 

La 

B 	a Congtant in the reefgtance 	Dimensionless • 
1 equation 

B 	a Width of the channel 
CD 	- Drag coefficient with respect 

to Average velocity. 
Cr, 	* Drag coefficient based on 

o the average velocity but for 
infinite stream conditions 

CD 	- Drag coefficient based on the 
free stream velocity 

C Drag coefficient based on the 
velocity , at the crest level 
of the el eoent, 

C1,C 	a Constzn is in Reactance equation 
and f inction of Lf h 

Cf 	0 Local skin friction coefficient 
C, 	a Average friction coefficient    

1 assuming zero shear within 
standing eddy 

Cf 	a Average friction coefficient 
2 for shear over a length L 	and 

defined by Cf 	- C 	. L 	L 
1 2 

Cf 	- Average friction coefficient 
3 assuming skin friction to be 

effective in a length L3 
Cw Constant used by Morris 

t~ 	- Depth o f flow in the flume 	cros or in 
measured from the bottom. 

metres 	L 
Dimensionless • 

40 

a 	0 

a 

M 

a 	
OR 

L 



, 	+ Me*ning Unit 	jlmsn_ens 
d a grain sire cm s or m L 

d' a Diameter of the Preston Tube L 
6 a Thickness of the boundary layer ems L 

defined so that the velocity at 
the edge of boundary is equal to 99% 
of the free stream velocity 

P + Mass density of the flowing metric slugs/m5 	M 	3 
fluid 

Fe - Total positive skin friction between Kqn/metr. Mr2 
two roughness elements per unit 
width. 

Ps _ Total positive skin friction per Kgn/m Mr 2 
unit width between  h and total 
length, L, between two rou ►ness 
eleme ts. 

a P'roude'r number of flow dimensior less 
f a Darcy~►Weisbach Resistance coefficient " 
f a Darcy.Wetsbach Resistance coefficient 

for smooth bed. N 
g Acceleration ôi a to gravity M at re/s ec*' Lr 2 
h h . ght of the roughness element cm s L 
J a Width øf groove in a bed with 

roughness elements metres L 
K a Karnanx s constant 	 dimensionless 
K a !uivalent sand grain roughness 

of the bed metres I 
K' a Resistance parameter and a function 

of roughness geometry metre L 
a Spacing between the roughness element! 	' L 

1.1 a length of the standing eddy cme. L 

t2 a L-L1 ems. L 
L3 a L 	h (h in met roe) m, trace L 
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sml M. nLna Units 	Dimen5i9nit 

" Roughness concentration, defined as 
the ratio of projected area of the 
roughness elements to the area of the 
bad. dimensionless 	s 

it Dynamicc viscosity of the flowing k e 	ML` 1, 	' 
fluid metre13 

N a No. of elgnent 	in periphery dimensionless 

n - Manning' s coefficient metre/seah'n3 	TL"]/3  
V a Kinematic viscosity of the m5/sec. 	Lft-rl  

flowing fluid  

p 0 Pressure on the upstream face of 
U the roughness element at a height _ 

y from the floor Kgn/m2 	ML 	12 

pd  a Constant pressure on the down 
stream face of the element 

P a Wetted Perimeter of the channel metros 	L 

Rb  a Hydraulic Radlu s o f the bed o f the 
channel 

Q « Discharge flowing ma/seep 	L3T-' 

Reynolds No. of flow Dimensionless 	► 
Rh  a Reynolds No. with respect to the 

velocity at the crest of the element 

R a Reynolds number øf flow at a dis" 
x  tance x from the edge of the plate  

a Unit weight of the flowing fluid Kgn/ma 	ML"T 2  

ro  a  Radius of the conduit 	- metres 	L 
dp a Preston tube reading (difference 

p between static pressure and Pi tot 
pressures  cm s • 	I. 

tP a Force per unit width on the el ement Kg/m 	ML-1  
Water surface slope Dimensionless 	4 



Mbj r:1ntng ___ 	t n n ion n 

5, Peripheral spncing between 
roughness d panto metres L 

t thickness of roughness elomnt cros L 
T 0 Total shear stress on the bcd 

o f the channel  
Skin friction at a distance x from 

0 the el emsnt  

T1 Average shear stress rie to tho skin  
01 friction of the p1pno boundary When 

the shear in st?nding eddy is 
negl oc cd. 

1~ 1 0 	# 01 

T not positive friction of the plane U 

boundary which to equal to the 
friction botwoon 33 h and L. 

V free stream velocity metres/soc LT"1 
t!h = Velocity of hei ca t 'h' 	from the 

floor U 
U velocity at a height 'y' from the 

floor U 

V Average velocity In the vortical 
centre line of the channel " " 
Average velocity over the cross- 
ooction of the channel " " 

V# Shear velocity + T fP p 

x distanco along the floti, cm o L 
XY a Parameters used by Patel 	Dimensionless ► 
y a Height measured from the floor motros L 
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101  	Z 

Tho pioblcm of roGtgtanco to flow in open channolo hi 
rocaivcd tho attcntion of hydraulic engineers for a long tiuo 
becau5o of its irport~nco in several practical pzoblom . 
knotilodgo of the raaistanco to floc is important in tho do in 
of channels,, prcparation of stage - dischargo curves and in the 
computation of sediment transport rate in alluvial channolo. 
Ibtiavor, in spito of the vast amount of work done on the problem, 
tho rosistanee for differcnt zougPossos under different Clow 

ditions is not accurately known at present. Consoquontly 
correct solution of tho problems montionod earlier i$ oleo not 
pagsiblo. 

The commonly used ro stanco relationss are thaw of 
Chozy and Manning. In both of these equations the reatotonco 
coefficient is token constant for a particular typo of iughe 
noose regardless of fluid and flow conditions. However this is 
seldom trua in case of n jqtu ral channels end, th erofo re, those 
equations are inadoquato In describing the bcbaviour of such 
channels over a tilde range of flow conditions. 

12 

t)ith the object of providing a roughnoss standard for 



Opon chonnola r tmiliog to Nikuradao's pond-grain conccpt 

far co morci al pipos, oovorol utudi os hnvo boon cOrriod out 
using Artificial rou ghnoss o1 nto. Contributions of 

Powoll (16) 0  John con (8), goyro Albort on (24), and 

Adachi (1) oro rzrth montioningw in this connoct1one Th000 

invostigators atudiod the total rosistnnco of a boundary with 
various typos tad concontrotionc of roughnoos olemcnta. 

toot ovor thoso studios have not led to an acccptabio roughnoso 
stondarrd for opcn channolo. 

Rinstoin and Ranks (4), by a rational ano1ysio bocci on 

flucoo studios with various pattorns of roughn000 olornnto, 

concludod that tho total rosistanco.of tho boundary hnving a 
corios of roughnoos of c onto on it can be takon. ao sum of tho 

roll stonco of individual ZOughflo9 elements• Yn othor a'ardo 

p rosonco of a zoughnoos o1 'ont has no significant offoct oc 

tho rosistonco of othor roughnoos oleaonts and tho total 
rosistonce con bo obtained as the sum of form rosistonco of 
Individual roughnoos ol€a nts and the boundary friction orrot 

the thole area. Raaod on this concrpt Einstoin and Rorbno o 

(5), proposod a method for prcdiction of rosistanco to floor 
in alluvial channels, Howovor because of infinito orrangcmonto 

and spacings of xoughnosso4s that aro oncountorod to natural 
channols the intorforcnco off act may become inpo rtant and 
n oeds to bo inveoti gat od properly.  

Rongarju and Gordo (19), made a thorough investigation 



of the offoct of intorforcnco on tho rosistance of artificial 
roughness ol.rr nts by contacting oxtensivo experiments in o 
flume as well as in wind tunnels. They used sharp- cdg*d tcv- 
dimensional strips of negligible thickness as the rou ghn oso 
of smonts on a smooth piano boundary. Their conclusions wore 
that the total rosistance of a plane boundary with xoughnoo 

olenonts having relative spacing between 2.3 and 40 can bo 

ostimotcd on tho assumption that the total resistanco is oquol 
to the form resistance of the toughness of omont s; tho form 
resistance, of the strips Is strongly dependent, on the relative 
pp acing and the ratio of depth of flow to height of €lanonto 
This means that, in tho range of their e~sp er .ments, the okin 
friction is Practically zoo. One can arrive at such a conclu► 
scion if the skin friction of tho piano boundary is a vary mall 
fraction of tho total resistance; because of the smoothness 
of tho boundary In such a coo the total resistance t uld prove 
oguol, within range of era orimentsl accuracy, to the moa u rod 
fo rm drag as found by Rongeraju and Gordo. " ho net skin 
friction can also bo noarly zero C for L/h loss than 40) if 
the positive friction beyond the standing eddy downstroom of 
the roughnoss cancels out with the negative friction within 
the eddy. Such on assurtion has been mado by Rangaraju and 

Gordo in thoir studiofl• Fbwovor In tho absence of m9nsurcrnnt9 

of akin friction for the nuns conducted by Rangaraju and 

Gordo, it is not possiblo to say which of the above hype thosos 

14 



1.1 

As corroct. The forogoing point can be sottlod convincingly 
I f the plan* boundary botwoon the roughness olomonts is made 
quite rough. If the hypothesis of Rangoraju and Gordo that 
the not skin friction is zero for L/h < 40 (whero L is spacing 
botwoen roughness olMonts and h is the height of elemcnto) 
to true the total tosistaneo of the roughGnod Plano bed on 
which roughness eiemsnts are pieced should prove eq~tol to the 
total resistance of the smooth piano bad with the same roughness 
geometry provided L/h < 40. On the other hand* if the rests- 
tonco in the former case oxceeds that in the latter, the 
conclusion of Rangara.0 and Gordo that the total resistance Ire 
equal to the form resistance of the strips (for L/h < 40) may 
not be acc cot ablo. 

Tho present investigation wol), therefore, carried out to 
tort the validity of the assumption discussed above and alco 
to extond the results of Rangaraju and Garde to larger spacings 
of roughness elemcnta• For the former purpose resistance 
studies wore made using t~ ►-dirnonsionai strips placed on a 
piano boundary on which wore glued gravel particles of 2 raga 
sizo. Those studios' worn p orfo rmod for t:o values of L/h viz. 
20 and 40 - the latter being the limit upto which thoro Is no 
not skin friction, according to Rangarnju and Garde. 



At L/h values grout or than 40, tho not skin friction of 

the piano boundary is oNpoctod to be significant. Hance 
studios worn carried out for 4/h values greater than 40, using 
tto•camoneional stripe plaeod on a s aoth boundary. Those 
studios included the moasurcmont of skin friction by a Preston 

Tuba. 
For the case of a single two-dimensional sharp-edged 

roughnoss olcmont placed on a piano boundary the evatlabio 
information is based mainly on the ,rind tunnel studios made by 
Plato (15), God and Joubort (6) and Aangaraju and Gardo (is). 
An attempt at e3ctcndiflg those roaults to open channel flora (18) 
p!ovod unsuccessful, probably because of the influence of the 
frog surface. Hence one at aoct of tho study was to provide 
info rm~tion on the resistance of a single element placed on a 
piano boundary. It may be noted that this forms a limiting 
case of a series of olemonta placed on the boundary. 

1.4 Lim;tz~jlon~ 	s ve 

The onper&mcnts rsoro porfo mod on ttosdlmonotonol ohozp-
edged raughnoss olcmcnts of negligible thicknogs placed on 

the bottom of tho flume and oxtcnding across the entire width. 
The work was corriod out in throe parts: 

(o) To study the resistance of a single isolatod roughnoca 
element mont placed on tho boundary. Two sues of element 

vi s 3 cm and 4 cm cioro used to co,ier a range of V/h fcof 

2.0 to 12.0• 

16 



(b) To study the resistance charactersticg for a series 

of roughness elements placed on a smooth boundary 

for large spacings viz t h n 60 and L/h = 80. The 

height of roughness In this case was kept as 1 cm. 

(c) To study the resistance to flow over strip zoughnesses 
placed on a plane gravel bed. Using a roughness of 
4 on height, two different spacing* (L/h a 40 and 

L/h ar ) were used in this part of the study. 

The experiments ware, in all cases, restricted to low 

froude numbers. 

1? 
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Congideroblo work hoc been done during tho last throo 

docndon concerning the rosistanco to flow in rigid boundary open 

channo1.s. Using artificial roughnos$os on tho ch?nnol boundary. 

Those studios have boon por 	cd using different typos and 

arrangcments of roughnoos o1 orients. Tho Bali ant foatu goo of 

Como of thoso lnvostigationG are discussed In the follot tng parr. 

graphs. For the presort study the roviow of literature hoo boon 

divided Into two parts* 

(a) Studios on roolstonoo of single roughness olomont Eqpt 

oith or on the bottom of an Open channel or on tho wind 

tunnel floor. 

(b) studios on resistcnco of series of roughness of ,, nts 

placed on tho bed of on open channel. 

Plato (13), 1964, studiod the problem of drag on a rja oth 

boundary having a twodimcnIonal sharp-odgod normal pinto 

tm sorood in its turbulent boundary layer.  The o,tporinonto were 

performed in a wind tunnel having a 1.83 in square section. The 
height of plat* wag varied from 1.25 cm to 5.Ofl cm and variation 

of the drag coefficient with 6/h woo studied.. (6 being thickness 

FE 



of tho boundary layorr. Tho main conclusions obtained an o 

gooult of his investigation horOz 

,) 	drag coofficiant CD1of tie roughnoss elGmont was related 

to o/h by the equation, 

C += 1.03 (h/6) 	 (2.1) 

raharot  C a Drag aoofficient of the plato with rospo t to 

frog stream velocity.. 

(b) 	The negative friction In the standing eddy zono cancole 

tho positivo friction downstream of roattachmont point 

over i dtstanco 35 times the height of roughness oiomcnt. 

Beyond thin point, theory of undisturbed boundary layer 
is oppliCnblO. 

Adacht (1), 1964, conductod open channel studios using a tt ► 

dimon pion of oo don bar 3 rn high and 6.4 am thick placed on the 

chAnnol bad. No moonurcd the form drag of the strip under 

variouo dep hn of flog. Tho. t+ sto wore carried out In a 20 en, 

wido ti 	doh and 14.40 motors long stool flume having a 

olopo of 1/500. No argued that In case of roughness o1mont 
placed on the chcnno1 bed, the velocity gradient over the olomt t 
height Is marked and accordingly tho avorago velocity naSda to 
bo taken ao the charactoratte volocity. The rolattvo dcpth D/h, 

was found to ho a sign i ftcnnt pramotor and to off oct the drag 
c officfont defined with respect to average volocity. 

20 



Concocu qtly ho plottod C0 against 1)/h and tho curvo pxop000d 

by :Qdochi heo boon shown In Figuro (5.3). 

Lod end 3oubort (5), 1968ti modo an oznorfmontal study 
an tho drag cooffictcnt of a tt,o. dimensional normal plato 
lmrnarood in a tur font boundazy layer. Tho ouperirnantol braoo 

plato forming tho or. oth boundary was 6" wido and 3 ft 7" long. 
Tho height of normal plato was variod fr 1" to -a by 
ftzmly clamping it to a G" `ido panol. The results showod that 
tho drag coefficient of the plate is rolatod to dimonaknloos 
poramotor V~/V0 oxccpt poaspiblyr whon h/8 < I t in accordcnco 
with the relation, 

C 	f 	v,/ v0) 	 (2.2) 

whore, V0 a free otroam velocity 
and 	V' shear volocity 
It woo furthor found that ovor a considerable rango of plato 
h ght o CD, varies logarithmically with h/&, tho plop o of 
ooni4og plot being dtffercnt for differont V i o» Thoy olc 

para& their data with Plato" a data and found tho ogroan t 

Chang (3) 0 1974„ carried out dot~atlad tnvegttgotiono 
of tho rolotton+ohtp hotwoen friction factor of flow over 4pplo 
bode and gcametric p pertioa of ripples such as nhapo and 
conccntrat&on. inuring this study, he studied tho length of 
otanding eddy behind a teo-dimonoionol normal plate ploCod on 
tho channel bed. He found that t1/h is a function. of V, 
ptg. (3. l9) shot-so tho variation of L1/h with Vq/',, for tuna 

21 



in the range of experiments,, performed by thorn the resistance 
could be predicted by using standard values (22) of dreg 
coefti ct a+nt. 

This concept implied that the interference effect is 
not significant. However while dealing with small spacings, 
and various types of roue nesses one can still expect the inter-

ference effect and this aspect needs further investigation. 
Morris (Ii), 1955,   presented a new concept of , flow over 

rough pipe and chnnel surfaces based on the effect of 
longl tudent1 spacing of roughness elements. He expressed the 
opinion that longitudinal spacing of the elements to a mughneas 
dimension of paramount Importance In rough condi ttsf He 

classified the flow over rough surfaces into three cat a rtess 

(a) 	i lasted roughness flows In this type of flow wake zone 
at each l rent is fully developed and dissipated before 
the next element to reached. For tht , zone equ at ton 
of friction factor was given as, 

67.2 +C,. 

where#  f e  is friction factor for plane boundary at Reynold# e 
No. of flow 

N a no. of el eaents in p eripphery 
g clear peripheral spacing between elements 

23 

and 	P a wetted perimeter. 



(b) Wake Interference flows In this case spacing of 
elements is such that the wake zones behind each elamrnt 
are not fully dissipated before the next element Ie 
reached• to r this type of f low he found that, 

Yf 
* 2 1091. 	+ 1.75 
	

(2.5) 

(c) (ai'Smooth flows When toughness elements are sa► 

close that the flow skims over the crest of each element 

and stable vortices exist between various elements the 

flow was termed as cu aef- shoo th. For this type of flow 

Morris gave the following equation for the friction 
factor, 

in i +(..- A)$/-- I' 	 (2.6) 
TV 	h,j 

where, Uh  is the velocity at the crest level of element 
11W  constant (taken as 0.5) 
j width of grove 

in the equation (2.6) either h or j., whichever is smaller is 
to be used. 

,Sayre and Alberteon (21), 1961, carried out flame 
studies on discontinuous angle in roughness elements with 
different spacings and studied the r ariation of KO (toughness 
parameter) with pattern of toughness. They suggested the 
resistance equation as 

f 

	

06006 10910 . ` 	 (2.7) 
e 



The above equation yield a value of Kerman' s constant (K) as 

0.38, however analysis of velocity profiles revealed that K 

changes Appreciably with roughness concentration. Nevertheless, 

they recormiended K t5 equal to 0.38 for wake interference flow. 

From the study of variation of ' with the roughness 

pattern they found that for different arrangement and type of 

roughness elements maximum resistance could occur at varlous 

concentrations. 

O 0  Loughlin and M acdena$d, 1964, performed open channel expert 

ments and investigated the eff eet..o f roughness pattern and 

concentration on the resistance coefficient. They found that 

#hope and pattern of roughness elements has no significant effect 

on the resistance coefficient below a concentration of 0.10. 

But above this value of concentration resistance coefficient 

to effected considerably by the concentration. 

O' toughiin (26), l96 assumed that the departure from 
the logarithmic profile can be expressed by defining a roam tam 
diffusion a ±efficient C' s. such that, 

•  9`Clog +  w. 	 (a) 

The velocity profile is , combination of A logarithmic field 

and a mixing effect in the wake layer. 

Here €tog: 	( ......) 	 (b 
dy ') 1e g  

( a) 
P A V* 
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C' was assumed constant between the boundary and a level 

y a 0.20 which is comparable to roughness height i.e. C will 

be negligible above this levol and C' will be equal to Eiogo 

Assuming such a distribution of C', he obtained tho velocity 

distribution for flow over a boundary with cubes placed at a 

regular spacing. He found that the actual profiles showed 

qualitative agreement with the theoretical profiles.  

He also studied the variation of T' /7'o  with 0/h 
01 

and roughness concentration as predicted by his mathematical 
modal. 

	

Here T' 	Average shoar stress o f the boundary betwoGn 
1 

the roughness ;iements. 

	

Enid ' o 	Total shear stress. 

The e, erim onta1 values were found to be lower then this. 

For cubes with concentration y = 1/26, 1/128, and 1/64, the 
values of T/  T0  were found to be 0.60, 0.50 and 0.42 rasp ectiveiy, 

1 
for the 0/h value u s eat by him. 
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Icngsraju and Gordo (19) o 1974, carried out invo~ttii 

gotiono of tho interforcitca affoct on the rosistanco of to 

di onsionoi strip zouchnoss at difforcnt spacings. They 5und 
that tho total rosistanco of a plan* boundary having corioa of 
zoughnoss olon:anta with L/h botwocn 2.5 and 40,can bo assutnod 
equal to form rosistsnco of tho roughness olomonts• Bo, od on 

flume and tunnel data, an o ►i ri cal equation for co ting'tho 

drag was given as 

whoro Cl and C2 are constants and functions of L/h. T o 

variations of C3 and C2 with 1./h oro shown In Pig. (2.2) and (2.3) 

rosp octi v'alys 
Rsngaroiu end Gardo alco showed by plotting of data 

that the method given by Morris (11) da #a not yield satisfactory 
results over a wide range of data. 

Fb 

 
boron and Chan (20) , 19701, investigated the flow In 

conduits With low concentration with rogu1nrly spaced cubao and 
horos to as t ► obtain functional relationship botwoen row► 

contration of given typo of roughness and rosistanco pzodicod 
by this roughnoss.. They dovolopod a procedure for obtaining 
transition functions for flow In conduits roughened with die. 
c.roto oleracnts, assuming a ogarithrnic velocity disttitution with 
,a suitable correction for tho Iwako effect'. The drag chiroc- 

torotics of roughness olenonts, viscous resistance of the 



rnDoth wall and volocity distrtution conduit Toro conoidorod 

ocperatoly Gnd oc1untiona 2aloting thoao wore o1vod to obtain 

o roototanco relation. The plots of transition functiono for 
different concentration ranging from 0.0001 to 0.123 0o t)11 

uo curvos of coofficicnt of drag against Reynolds number wore 
blcD plottod. Thoso curvoo for cubical roughnosaos oro shown 

In Figures (2.4) and (2.9). 
A comparison was also made of tho data of this analysis 

with tho o,portmcntal results of oaloscus and O'loughl.n Do 

shown in k ,faro (2.4) . ihi o indicator roaconably good agreement 
botvoen theory and ox ez4monts. 

Drag coo ffi of ant values computed with respect to cr 
volocity over the height of the roughnoss el ont (cube or 
phoro) Wore found to be indcpendont of tho natu.ro of -voloctty 

distribution. 
Besides th000 invostigattons discussed above, several 

othor invoottgation9 havo boon carried out by.Koloocus (9) 

Potorson and rohanty (14) * Ru so1, Itolo seas and aovidian (23) 
Horhich- and Shulito (7) using axtific1l mughnoos G1monto« 

Those havo not boon reviewed here. inco they are not directly 
volatcd to the work planncd in this stu4f« 

Anang the variouo invostigationo on the subs oct of 
artificial oughnoos, the studios of Rangaraju- Garen and Ibborcon 

and chcn ore tho only onoo dooling with the indivicaa1 ruginoao 

• 
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offocto end may bo uoid to bo boaod on tho idoas put fortmrd 

ky CEnatoin and 8anko. tt its intorouting to noto that tho 

otu dt oa of Rangoraju and Gardo rsoro performed at fairly high 

concontrations using ter.'dimcnaional strips. As such thay tiara 

concorned with tho variation of tho form drag coo 'f .cient of 

tho stripe with their goometry; tho skin friction of tho picno 

boundary woo found to be practically nil On the other hand, 

to borcon and Chon p erfo a nd their owp orimont s using cubes at 

low conccntration. Thorofare, tho skin friction of the Plano 

boundary was found to bo a significant part of the total rosin 

tanco and the premise that C"h  is indepandont of velocity dic 

tribution wea found to bo valid for th a low conccntratiofo 

studied by thorn. In a gcnoral caso, one would possibly b roquircd 

to consider the skin friction of tho piano boundary as wolf ao 

tho variation of the form drag coefficient of the roughnooaoo 

with tho relative spacing* Such an approach is planned Loring 

thy, s, investigation. 
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A YY, C 	JSX0118 

raving connidorcd the erort of peat investigatoro on 
tho problc .of resistance, Como basic aspocts of the pioblom 

ore discus od In this Chnptor• This t uld sorvo oo a 
guideline for tho ouhoocucnt analysis of the data of the 

present investigation. 

It to well known that a body placed In a fluid flor4ng 

at uniform velocity post It exporianceg a forco in the diroc' 
tion o f flow which is t armed as drag force. The body, in 

turn, oxerts a force equal In magnitude but opposite in 
direction. 'phi $ Is corn my known as resistance. The to tot 
drag on the body is the sum of deformation drag, friction 

drag and form drag. Uo%rmction drag I s duo to wide eproad 
deformation and occurs only at low Roynold numbers. Tr ction 
drag is cousod by tho shear stress due to the voloci' y 
gradiont near the body and 3s a function of R yriold' s number. 

The form drag, on the other hand is due to prossury 

difforcneo h3twocn tho fz nt and roar of the . body couscd as 

a result of scporotion of flow. In case of tdimcnstono1 

shnrp.odgod strips kept in a fluid where Roynold' a nunhez 

otcoods 10° only form drag to prevalent, the oxtcnt of which 



is not krtorm for various goomotries. In tho case of a Plano 

boundary with a regular array of tuo*dimonslonal strips total 

drag is oqua2 to the drag on the strip plus the drag of tNo 

piano boundary. Since no thcoretical method is avntiabio for 

estimation of form drag on normal strips placed on tho boundary 
of differcnt sp< cingae experimental investigations are tho only 

solution. Also estimation of frictional resistance of the 

plane boundary by theoretical methods is con licatod becauso 

of the prey co of scp ration zono and the ill-dofined 

characterstics of the redeveloping boundary layer. Hcnco the 
convenient way to tackle the prabiam is to resort to experirnon. 
tation. The present study is, therefore, planned to provide 

oxperimontai data on the form drag of strips and tho akin 
friction of the planar boundary at various spacings. Tn thia 
Chapter dimensional analysis of the problem has been carried 

out to facilitate analysis of the experimental data. Alco 

some basic ideas resulting from past investigation' a have boon 

introduced to obtain equations which would form the at ,rting 
point for analysis of data. 

3.3 	 1,3 r.-nto 

The forco AP on a unit width of a t o-dimon ional nazm l 

plate kept on the boundary of an open channel can be doscribod 
by the following functional roltion: 

~'F 	(h► b* Va P tr a a 9) 	 (3.1) 
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where P is the moss density, u - dynamic viscosity of the 
flowing fluid and g - acceleration due to gravity. 

BN choosing V, h and P as repeating variables the above 

equation can be rewritten in dimensionless form as$ 

	

a 1  (g/h, 	- 0, 	' 	 ) 	f3.2 . 
Pr .h 

i.e. 	C 062  (t/'h.' 	": 1'E) 	(: 3.3) 

For sharp - edged roughness elements kept in a uniform Stream 
the drag coefficient is known to be independent of Reynold' 
number of values of Reynold' s number above iø. assuming that 

this is valid for eianents on the boundary also, Equation (3.3) 
can be simplified for R ' 10 as$ 

CD  * G3 C D/h 9  1r 	) 
	

(3.4) 

The Buation (3.4) gives the functional relationship of t'he 
drag c officiant of an Isolated roughness element placed on 

the bottom of the flume. The variation of CD  with both these 
parameters will be studied In the present inv tigit m. 

33 



3.4 

The s eco nd a oct of the oup o xl. mcn t sl p io grna + o La to 
moacuro the roristonco choroctorstico of a piano boundary tilth 

gravels of 2 mm sizo glued on it, t o-dimcnsionol stripo being 

fixod an thiq surface at the desired spacing. It is tntcndod 

to determine the total rosistanco of the boundary as wolf 00 

tho form drag coeffictcnt of the strips by pressure moncurononts• 

The functional rolntionship for the total ro5tstnnco of 

the boundary, can bo written as, 

S' C2 a (1 , p, P t uo go h, d, L) 	(309) 

whoro, d a grain giaO. 

Choosing, ¶t , D and P as rcpooding variables, 

Sy s 	'.  , LDL  , D/ho  Wdo L/D) (3.6) 
Jib.10 

Tht o can bQ rm to fi cd ø3 

tit lore Froudo' a number resistance co off fcicnt is independent 

of Froudo's nunbor on found by t<o1oscuo (9). 'ponce 	can 

be omittod. Further 	can afro bo i norod for R ) 10°. 

hid remained Constcnt tiring the study, hence Equstion (3.1) 
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simplifies to, 

4 

	

— - 07  (D/ho L/h) 	 (3.8) 

Using tho hydraulic radius with ro p oct to the bod of the flumo, 
Rb, the foregoing equation becomes, 

	

G9  (R fh, L/h) 
	

(3.) 

Similarly the drag cooffici Gnt of the strip can be written 

ago 
CD  = G 9  (Y)/h, L/h) 

In this aspect of the study it to prop000d to use tc c 
dimensional strips of 1 cm height placed at tho doatrcd spacing 

along the length of the flumo. The total resist nco of the bod 

oa well as the skin friction of the piano boundary would be 

foasurod. From those It 3a proposed to ostimato the force 

rosistanco of the strips oo proasuro measurcmont on a strip of 
such a small height would be very difficult. 

For tho total resistance of the boundary, one can writo 
the functional rolation0  

	

+St 0 
G10 	,1), P o h: 	,.&,  g• L) 	(3.11) 
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This can be simplified too 

a € i i (Rib, L/h o . II:!!P ) 	 (3l2) 

after omission of .Froud©l 9 number which is very lor.i in tho 
present eupertmcnto. 

Tn general the average bed shear stross, To s can be 

written as sum of tho shear duo to the roughness elements and 
the net shear duo to the skin friction of the plane boundarye 
It may be noted that within the scparation zone downstream of 
ouch element, there is rovorso flow at the bed and honco tho 
shoar is negativo. t wnofroc of the standing eddy,, the shear 
L s once again positive. Honco tray approaches, are open for 
analysis of the skin friction data and the computation of the 
form drag of the roughness oltnGnts. 

tMV.~, cr~,hs 1hon the negative shear in the standing odds is 
complotoly neglected, assuming the revorso velocitioe to be 
too low to cause any shear. 

X Ann o c 	t hon it is assumed that the negative shear in 
the zone of standing eddy cancels with the positivo shear over 
n certain distanco from the boundary. Further analysis will be 
corriod out basod on both these appm aches. 
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3.3.1 1 bop-M Aah: 

If negative friction is complotoly neglected than# 
total shenr can be writton no, 

TO Tot + TO 1 	 (3.13) 

whom T" is the average shosr stress duo to the skin Brio- 
1 

tion of tho plano boundary (Soe Fig.(3.i)). 
and Y©1 0 shear stross duo to form resigtcnce of soughn000 
el Gm3ntn. 

t 
y01 may be riri t tcn as, 

P ~ 
2 

and T'01 may bo written noo 

1 CD1 P- 	 (3.ls) 

Murations (3.13) 9 (3.14) cnd (3.15) will form the basis of 
analysis of data using this Approach* 

- 	Jw' • 44_" ies1. 

Plato (15), in his study of a normal plate plscod In a 
turbulent boundary layer, found that the not friction of the 
piano boundary for a distance of 35 times the height of the 
plate from the plate io zoo. Apparently, within this distance. 
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the negative friction within the standing oddy co peneatos for 

tho positive friction downstroam of the eddy. Similar reaulto 

are not available for fully developed flow in an opcn channol 

on which a oorioo of roughnoss dents are placed. However using 

Plato's criterion for this ease also, as a first oppwcimation, 

one can write 

(3.16) 

whore 1' is the effective or not positive friction of tho plcno 

boundary (See Fig• (3.1) ). 

1Q and T may bo written no 

TOcC f 	 (3*17) 
f3 2 

end, 	P 	 ( 3.18) 2 

94uations (3.16), (3.17) and (3.18) will form the basis for 
analysis of data using this approach. On the basis of 
dimonsionol analysis presantod earlier, one can writo 

O 

Cf 	Cf 	( vp.M., 	_ ,t/ti 9  R1/h) 	(3.19 

and, . 
CD. CD1  0  0 (D/ha t/h) 	 (3.20) 
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All the oxperimonts concerning the present investigation 

woro conduct c in the Hydraulics Labo rat©ry of the University 

o fr Roorkoe*  f oskeo. The work was pro grinmod and executod as to 

provide detailed information regarding the various parametoro 

required for further analysis as discussed in the preceding 

Chnnptor• The eV eriments wore perfoxmcd in throe parts vi. 

on orimonts on the single isolated roughness elancnt piactd on 

the bottom of the flume, studies on series of roughness olomento 

with rough boundary and series of elcmonts placed on a smooth 

boundary. The details of those o,peEtmonts, various equipm nt 

used and the procedure followed are discussod in various soctions 

of this Chapter. 

The oxpexdmental t rk was done in a 47.25 cm aside, 60 o' 

deep and 11 motors long tilting flume with glass side walls 
I. Phofio-1) 

and a wooden false bottom. The flume was of the recirculating 

typo with an overhead tank and sump arrangement. It was provided 

with adjustable brass rails on the top of each side wall and 

these wore maintained parallel to the bsd. The pointer gage 

uas nountod on a wheeled carriage which could be roved on the 

40 



roils. A tail gato was provided at the downstream end of tho 
flume for adjusting tho dcpth of flow. 

The dischargo was measured by a calibrated rectangular 
oharp-crested weir installed in a tank downstream of the flume. 
Tho velocity distribution in the flume airing a run wag moacurod 
by a calibrated prandtl tube. The ensuing hods wore road on 
on inclined manometer. 

Prossure oaguremsnta in caso of single olcment and 
glom tts in rough boundary wore mado using a shaip-edgcxi element 
of vood0  03o cm thick but chamfered at the top to got a knifo 
odgo. Prossuro taps were pxovidcd approximately 5 tm apart 
both on upstream and downstream faces of the element„ but very 
close to the centre of its width. Piastic tubes wore cr nnoctod 
to the pressure tips and led to the limbs of on inclined mano-
meter. 

For studios on series of elements anglo iron strips of 
negligible thickness were nailed to flume bottom of the required 
spacing to form the roughness. The elements spanned over the 
full width of the flume in all the runs carried out during this 
study. 

for the study of the variation of drag on a single normal 
plate kept on tho boundary the tt -►dimensional wooden strip of 
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th© required hoight cyan nailed to th© flume bottom at n d1stanco 

5.5 m from the upstroa + cnd of the flume. For ny particular 

dinchaargo, the required depth of floci upstream of the e1omc ►t 

ryas obtained by adjusting  the tall gate. Tho pressures on the 

tto f ,cos of the clement were then moncu red. 
Velocity profile at the centre lino of width woo tckOn 

5Q cm upstream o f tho olomalt with a calibrated prandtl tuba. 

Flow depth for each run vs measured by a point or gage having a 

l c rust count o f 0.01 an. The t np oratu ro of the £Ioctn g dater 

and the dischargo tiro also recorded. 

The oxp orimcnts wworo p erfo rmod using strips of tv hd ghts, 

viz 3 cm and 4 cm. 4 total of 14 suns covering range of dcpth 
from 7.50 cm to 6 .0' cm were made for this stu ely. 

4.4 	oj3JnitL Piii u 	 3 t 

In o rdor to have a tough boundary gravel of size 2 r 
was glued uniformly to bottom of the flume. The roughn000 
elements used in this part of study wore anglo iron otrfps of 

(see Pho%-21 
golusnisod i2on 4 cm in height,, One roughness element noes 
the middle of length o b flume was made of tood and provided with 
prossuro taps to facilitato pressure measure -ant. The eeoor1'. 

mental tork vies cbne on two slopes 1 x 	g, 2 u I©`"3. For 
each slope two difforcnt roughness patterns, of spacing eo cm 
and 160 cn woro used. After the required roughness pattorn 

was pincod on tho flume at the desired slope, uni foim flow was 
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Ostabltshcd at pre.detarmtncd depth and the discharge cnd 

tcnporaturo word moaourcd. On each slope throo different 
dcpth s were used for each aughnnss pattern. For ouch run tt-M 
velocity profflos were taken, midway and quarterwoy botwoon the 
roughnoss ofFreonts in a roach 5.5 m from upstream and of the 
flume. The average velocity of flow in the vertical cent" 
lino was obtained by integrating the above pll)filos. Tho 'Moan 
of the values given by the above profiles was used as the 
average velocity in the vertical centre lino in calculritiono. 
The pressure distribution around a r+ prosmtottve clement woo 
measured as In the case of studios on single element. 

.xf ~.~N 	Cif 	j ..~! 	G 	4!~ 	• 	R t 	f( 	w 	4 	2 +~{ :► 

In the studios of x ughness placed on smooth bounr nry, 1 
cm high angle iron strips were nailed to the bottom of the 
flume at the rewired spacing. Two different spacings, vis 80 
cm and 60 cm, yielding t/h +: 80 and L/h = 60 wore use, . Tho 
oxp erimonts wore p erfo med at two slopes, viz 1/1500 and 
1/`750. 

After the required roughness pattern woo placed on the 
bottom of the flume sat to the desired slope, uniform flow 
woo ootabitshod at a predotermined depth. For each value of 
1/h, three dlffcrent deaths, viz 5 cm, 10 cm and 15 cm wore 
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uaod for each mope.. The discharge and the Water tcmpornturo 
wore also noted. 

For all the runs the velocity profile was measured over 
nth o of rnont as woll as n &way between the tt el cjmontg at 
the contro lino of width. Skin friction measurements tioro made 
at throe soctiona distant 5 cm, 15 cm and 23.60 cm respectively 
from one side of the flume using a Preston tube of d!o t * 36 cm. 
The observations were taken at these throo sections over the 
entire length botwoon two roughness elements. Only the po of tivo 
shear values vera measured. It may be mentioned that the 
velocity and shear me uremntg wore made beyond a distcnco of 
5.5  m from flume entrance to avoid the effect of entrance 
distu rbancog. 

From the Preston tube readings, the shear was calculated 
using the curve given by p rat ark. (13) . Th o oau atio n givcn by 
P ate1 (13) are I1st d below for roforonco. 

tor range, 3.5 < Y* < 5.3 

X* Y* + 2 10910 (1.gg Y '+ 4.10) 	(4.1) 

~~h+pro. 	X,o $ ( 	P 	 (4.2) 10 	4PU Z 

and 1' do n 
Y a log10 ( )  
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where, 1, is skin friction 

and 	d' is the di-meter of the Preston Tube 

and 	p  is Pr'ston Tube reading 

In range, 	1.5 < Y * < 	3.5 

Y*w 0.8287 - 0.1381 X*+ 01437 X*a" - 0.006 X*& 
	

(4.4) 

Finally in Range, 	Y-*  < 1«5 

y**5 0.9 'CIF 0.037 	 (4.5) 

4 5 
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The onporimcntol data collected on the vartoua ocpocto 
of the problem hr~vo boon analysed to this Chsptor. The 
analysis hart boon corricd out on the basis of the functional 
relationship developed in Chapter III. Firstly the rosistanco 
of a single element placed on the boundary has boon studied. 
The data on strip roughness placed on a gravel bed have bocn 
ano1ysod later. Leotly the strip r oughnesd data for caso of 
a Broth boundary have been analysed to extend the rocu.lto 
Of Ran gareju and Gordo (19) 0 

The data concerning pressure distribution around the 
of emcnt placed on the bade have boen analysed firot. TTh 
pressure measurements for any run indicated a reasonably 
constant value of pressure on the dawn atroam facto. Honco0 
for the sake of convonicnco the pressure distribution hag 
boon shown in a pressure difference form (vide Fig.5.l), 
Hero Pu is the pressure on the upstream faceb p6 is ter 
pressure on the dot nstroam Paco and. y Is that height moasurO 
from the bottom of the fluio• 

It has boon pointod out earlier (15) that such a form 
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of plotting d oo reflect all the charactori stico of von. ritiono 
of upstror procouro. Pig. (3.1) shows that the prossuro on the 

upstron faco is oleo Toro or loss constant over the h ,ot,, 
ouccpt for a smnll hcsigh;t poor tho top. The variation of pu  
along the hoiot for lorgo D/h values con be soon to be smollor 
than that for small D/h volu oo• 

The drag coefficicnto  C1. for each run was obtained by 
integration of the prosouro difference diagrams simllor to 
Fig. 5.1. As shown in Chapter 3, C D  is oxp oct rid to be o 
function of D/h and 'r  • Figuro (3.3) shows the variation of 
drag coofficl €nt with D/h, It is seen that drag coofficiont 
decroasos continually with incroaso In D/h, the decrooso being 
pronouncod in the rango of D/h between 2.0 and 4.0. 

The v rlu os of '/ `lgD ore maxkai opposi to each point on 
Figure (5.3) and Pr Gka►oo not loom to have any effect on C DO 

Hotiovor the range of Pr covorod in this study is very small and 
pro data are required to ascertain the influonco of Fr on C1). 

The curve proposed by Adechi on a 6.4 rm thick strip of 
height 5 an placed on the bad of tho flume is olco plottod In 

the Figure (5.3). It con be soon that at low volu oo of D/ 
Adochi' o curve agrees with that proposed in this study for 
of ripe of zero thichn000; at high values of D/h Adechi" s curve 
falls abovo the one pzop000d hero. It is not kn won whothor 
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Adocht has uood tho vorngo volocity In tho vortical ccntor 
line an indoed It should bn with the center lino prosauO 
aoosuromontse Obviouoly if the average volocity ovor tho 
+crone-auction is usod along with center line pressure mooauro 
nentg tho computed CD  would be higher. Further, studiop by 
Vij oya stngh (25) on tua.dinen onai normal platos with vadoun 
valu oo of t/h have shown C0  to increase with t/h In the 
range of 0 to 1. since t/h woo 1.08 for strips uaod by Mdachi, 
the higher valu os of CD  obtained by ►dachi may not be in 
explicable. 

The dreg coefficient for a p1ot+a on the bad of en opt+ 
channel can be predicted using the +ADO  V/ 6/h curve propoocd 

by Rangaraju - Gordo (See 'lguro 2.1) along with the + ci et2on 
for blockage, namely 

CD 	 ( 	WD)*2hI 	 2.3) 

Obviously In filly dovolopod flow in an open channel, D a 8 

and hcnco C D  can be road from Figuro (2.1) for the required 
0 

value of D/h and then equation (2.3) used to find CD. Such 
a p ro cec re hen beci used to obtain a rel tfon bet-icon CD  
and D/h. (Soo Figure S«3). It is soon that the author' a cu2vo 
falls well above the curve predicted from wind tunnel otudtooe 
The differonco may be due to the fact that In caso of wind tunnel 
tho top boun 'ary was smooth and parallel to flow while In 
fluwo vHHtor depth decronsod just downstream of the eiommt. 



Thia docroaso in dopth rosults in highor ncceloretion of flow 
tM ch may load to higher drag Coefficient values@ 

Eper1montal data h€wo also boon plottod in the form 
1/rCD V/S log tlfh in Figure (5.2). It is soon that t'h 
following roiitionchip fits the deta reasonably well! 

a. ► r~ 0.85 to gio D/h + 0.13 	 (9.1) 

9.3 -5 	4 	M A W)U 4 SWNDJs 

It woo mentioned +ginrlior that tho studios on tho rou 
taoundezy are porforued to mat the argumonta of Rsangoroju-Gordo 
that for L/h < 40 the not skin friction is ro o and the total 
roalstanco of the bDundory i . o ai to form resistgnco of t' 
rc,ughnacs olemonto. If these findings are true then the total 
zrosistcco of the roughened plate bad (with t -dimongionol 
strips placcd on it) should be dal to the total rostBtanco 
of smooth piano bed with the same arrange wont of stripoa Tho 
data collected on the rosistanco of the gravel bed with stripe 
placed on it h ,a been analyc3od in this section to check thoao 
prani000. 

50 

`ho pressures meacurod on the to faces of the roughnoso 
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olcmcnt placcd on tho bcd of tho flume indicated that for o 
given velocity and depth of flow,) the pro uro over the der. 
otroom faco was constcnt4 Advantage was taken of this fact 
In plotting tho pressure distribution dingrom, on the iUro 
3.4, whore pressure distribution Is shown in form of prossuro 
difference bot oon upstrom and darmatroam face of the ol.c-.ant 
plottcd against y/h. Th000 diagrams indicate that orc qi , ~ :r a 
small height near the top tho pressure on the upstream face also 
romaine constant over the hot t of the element. The dreg 
Coe f fi ci ent values for each run taro compu t ed by the integration 
o f co rao spon din g pressure distribution diagrams. The CD v!lu oo 
wore obtained with respect to center line velocity. It con 
be noted thnt tho avorag3 abcissa on the plotted curvoo of Fig., 
5.4 yields tho form clog coofficient for the co rra eponding sun. 
The nature of variation of form drag coefficient with relovent 
parameter will be studied in Soc. 5.3.4. 

• 1.! ~L . 	fir! ) 	' 	~+ !t!i 	i, 	_ 	r'~ • 	1 	_ 	§ 	_~7 	aw. C. 	. ~ .. S a 

i 1 	c 	rt 	ede 	R 	• 	a r 	a. • c s. 	R 	" 	o 

values of TOO were computed from the following equations 

CD . h/L • P. 1eI2 	 (5.2) 

' ho values of T are plottcd -against To (To D Y RbS) * fa 
all tho tuolvo runs curried out using strips on a grave,, bed, 
in F1 + u ro (5.5 ) . Th o a groo ► t between To and TQ i a fairly 



c,aod ouccpt for thrco none. It may be monttonGd hero that C D  

values determined in the flume are usually liable to some error. 
The drag coofficfcnt was dot ermined from ccnter line praasuro 
and velocity moasurcn nta and the average velocity in tho center 
lino woo obtained by integration of volocity pmfiiea takon 
at two different czoss- s ctiona. In caaa of a rough br undazy 
titth largo atripa placed over It, the readings of the cony .. 

tional Prandtl tube could be affected by the curvature of the 
flow, thus introdbcing some orxor Into the measured velocity. 
It should be notod that ny errors In the velocity will introduce 
larger orrora in tho conputed value of CD• As such the agroeR 
mcnt or the scatter on fie ro may not provide adee unto boots to 
prove or disprove the contention that for L/h < 40, the total 
resistance would be equal to tho form resistance of the otripa. 
Con a ri con of the total resistance in case of smooth and 
rough bounr±; ri,oa (ith the sane roughness pattern on them) as 
c no in section 5.3.3.- may be the only logical boots to tort the 
foregoing conto Lion. 

The dimonaionol anoiyaig in Chaptor 3 has shown that 
drag coefficient CD  can bo expressed as 

CD 0  0 (D/h, L/h) 
Rangoraju and Garda { 19 ) found that for their data the relation 
botg,00n the above par ,moteru can be put in the form 
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— = c1 log Q/h 4 C2 	
(2-8) 

whore, C1 and C2 aro functions of L/h. 

Accordingly in this coo alco the drag cooffictent valuoo 
computed from measurcmonto on rough boundary are plotted on 

-~. - 

 

vs.. log 1)/h ploto for both the spacings (Soo Fi,g.5,6) 
Ia 

The values of CD determined indirectly (i.e. by taking total 
resistance oqual to form rosistanco) for the smooth boundary 
data of Renga u.wGtptdo are also plottod on this figure. Mile 
a majority of the eau gh boundary data show agroomcnt with the 
data for smooth boundary, some points inci cot o a lower veluo of 
C1) than for the smooth boundary at corresponding 0/h valuoo. 
The probable reasons fb r this scatter havo bean discussed 
previously. From Ftgo(5.6) one may conclude that the drag 
coofficicnt of the strip (for a glvcn nrrang ont) 1e not 
oignificantly affected by th, roughness of the plane boundary. 

It has been hon In Chapter 3, that the total resistance 
of the rough boundary can be expressed by the Equation 3.9 i.e. 

(Rb/hR L/h) 

Accordingly the data on reugh boundary for the two different L/h 

11 

values oro plotted on a graph of' /V, ve loglo 	h (So Fig.5.7). 
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Tho data of Rangareju Qd Garde on a smooth boundary for thong 

to sp icinga are also plotted on Figuro 5.7. It is interesting 

to note that data for rough boundarf show good agroomont with th 

data obtainod from experiments on smooth boundary for both the 

spacings. Sinco the skin friction would be otherwtso significant 

in caso of the Tough boundary the agreement of rough boundary 

data with thoso o f the smooth boundary may be taken to subAt fl. 

trot$ tho promiso of Rangaroju end Gordo that the net skin 

friction to Toro for t/h < 40. 

For stripe spaced at L < 40 h, analysis hat been carriod 

out on the assumption that tho not friction over a distenco 

of 35 h rbwnstream of the elanent is zero. The distanco 5 h 
as used on the basis of Plate's results. 

Typicol velocity profiles for both L/h = 20 and 40 ore 
a hotm in dimensionless form in Fi g.5.8 and 5.9 respectively. The 
pro€ties havo been shown for tr a different depths in ooch cane. 
Thew profiles were taken at tun different sections along the 
length, as indicated on the figures. The data for both the 
spacings show a break In the profile and the inpplicabiiity of. 

a single velocity distribution 13w over the whole depth. Thy► 

break in velocity profile has been previously reportod by Morriaill) 

Mdachi(l), O'L,oughl n (12). it has also bean raportad by some 
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of theso investigators thatt tho velocity distribution over the 
olc ent difforu appreciably from that batvio n oleraont. iUt 

it is interesting to note faom Flg.3.9 that the velocity eioi' 
trthitton one quarto ray cnd mid-4ay between olemcn.t4 in 

practically the same for L/h = 40. Simili arly for L/h ! 20, 
velocity pr files toned to coalesce. It is Quito likely that 
the velocity profile over the element may differ from the p-a* 

Milos token botwoen the roughness elements. But no pzofllo 
was takon spar the of nont in this series of tests. 

A comparison of the velocity profiles has also been 
made with the velocity profiles for the smooth boundary with 
roughness elements obtained by Rangaraju (17) . The curves on 
the Figures 5.8 and 15.9 r arescnt the .smooth boundary velocity 
profilos. Throe of the four typical profiles prOscfntod hero 
show those curves, in crier of the fourth (i.e. for LA = 4D 
and 1 a 32.0 cmg) no velocity profile was available for 
smooth boundary, hcnco no co arigan has been made in this 
plot. It is soon that velocity profiles for rough boundary 
and thoso for smooth boundary are similar which indicates that 
the frictional resist ce of the boundary has no cppracioblo 
effect on the velocity distribution in the chnnol and It 
remain practically un olt orcd. 



5.4 .5.. .o U jM jDt. on* nooth  uundarvx 

5.4.1 Pr.Iir*i arvRW,zkst 

In this section, the data concerning the raaistance of 
two-dimensional strips placed on a smooth boundary have been 
analysed. Firstly the total rosin tance o f boundary has been 
studied; this is followed by an analysis of the data concern. 
ing skin friction. These results have been used subs equently i 

to determine the relation between form drag of strips and 
their geometry. firstly the approach evolved here is used to 
predict the resistance for Basha' s runs (2) , and the predicted 
valuers are cor►4areef with the observed values. 

3.4.2 analysis of Tet 	4 

It was shoran in Chapter 3 that the total resistance can 
be expressed as 

*G (R /hr L/h) 

The conventional resistance equation is, 

2f 109 10 	+ Ai 	 (8. 3) 

where K is the Kerman's constant and Al is a constant dependent 
on the type and arrangement of roughness elements. 

The above equation ation predicts a linear rehtionship between 
'~/ wand log 	- . On the basis of above equation on effort Io  ~ 

was made to study the variation of VAV,with 10910 "" "i d. 
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Flg.(5.10) shows this plot for the two spacings tested during 
the study. Tt shows that a unique relation exists between 
these parameters for a particular spacing. The equations 
governing the reslstanc. can be written as 

10g 	. + 5.% for L/h a 60 	(5.4) 

R 
•nd, 	"  72 	g~a o " + 6. 90 for L/h eO 	(5.5) 

This indicates that K a 0.396 for this type of roughness and 
the resistance for L/h a 80 is greater than Lr L/h - 60. 

wiv 

The local skin friction coefficient Cf could be defined 
as 

1"+ 
(5.6) 

where T" is the shear stress at a distance x from the element 

(s.. Fig. 3.1). As mentioned earlier, the skin friction 
measurements were made along three xows parallel to the flow ► 
at a distance of 5 cm, 15 cm and 23.6 cm f om the side wall. 
It was noticed that, in a~neralr the shear stress (at any 
distance x from the element) close to the wall tended to be 
about higher then that on the contra line. However, one would 
expect the shear on the centre line to be highest. Nevertheless 
the average value of T along the width was used in the 

57 



computation o f Cf. 

Figures (s.fl) and (5.i2) show the variation of local skin f rio. 

tion coefficient Cf  with x/'L, x/h and TTX/) , 	. Data for both 

t/h = 80 snd 60 have been plotted on these figures. All the 

figures indicate a similiar trend - i.e. Cf  values increase 

with of the above parameters. b'owever there is no unique 
relation between Cf  and any of these parameters. No third 
parameter, which would systematise the scatter on these figures, 
could be found. 

The local friction coefficient for the developing turbu.. 
lent boundary layer is given by., 

(5.7) 

This relationship has been plotted in Figure 	for con,arison 
and shows a marked variation from the nature of variation 
obtained in the present investigation. In case of noreaal tur. 
bulent boundary layer Cf  values decrease with increase of 
Reynold' s number whereas in the present study a cot l etely 
different trend is indicated. This may be because of the fact 
that the boundary layer downstream of the standing eddy is a 
redeveloping boundary layer. 

It was shown In Chapter 3 that for computing average 
skin friction coefficient two approaches are possible, in the 
I approach the shear in the standing eddy is assumed to be 



Qoxo rhi10 in 11 tppLeo0ch it in asfsumod that tho not skin 
friction for a longth of 35 h fzorn tho olcmont is xoz►. 
Obviously tho friction cooff'icicnt valuos obtained fzom th000 
tto ppzonchou t uid bo different. The variation of thoso 
friction cfficiont valuos tiith the portincnt paramotoro till 
bo diGcussed in tho foliociing sections. 

Referring to Fi iro 3.1 (of Chapter 3) tho ovorag drag 
coefficient CfI ties dof'inod ao, 

C 	g.,.~ 	 (5.8) 

F 

whore Fa is the total positive skin friction botwoon try 
rou ghn egs olo onto per unit width. 

Another drag cooffictont C,f can be defined oo 

F C 	- 	__n ...._ 	 (5..10) 
L2 2 

0 C f . LA2 	 (soil) 
g 

The vaxt Lion of Cf and C with the relevant poramotors may 
now bo ;tudiod. 
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Variation of Cf and C with V 
Cam. ..■r■wn~~~~rrrsssr■ 	r.V 	r■— 

It to oupactod that G and Cf tuld bo functions of Cf 
 f2 

Roynoldo numbor. Tho Roynolds nut bozo that can bo considorod 
significant aro T1 RI, and JJL/v a Figures 5.13 and 5.14 
show variation of C,1 and Cg2 with TIRb/v ' rospt ctivolyo It 
i on that Cf and C8 docroaso with increase in Reynoldo 

1  p 
number of main flow. In bath the fi c, rosy data for the relative 
spacings tostod viz. L/h a 60 and I.Yh a 80, fall together 
yielding a unique relationship. 

The equation of tho experimental line in Fig. 5.13 Is, 

C a-AM 	
(5,12) 

O.425  

V 

Similarly tho straight line of the Fig. 5.14 could be give 
by the oqu ation, 

C a 	609 1 «■.. 	 (9.13) 

'fin ail a tits n of C f1 rte, d C
2 

with *VL./v t 

The plots of Cg, and Cf against tho paramotor ,/v 
1  2 

are shown in Fig.(5.15) and (9.16) raspoctivol,y. Those figures 
indicato that skin friction cooffictont docroasos with incroaoo 
of VL./y . .Again in Teo th cauos oportmcnt1 points for 



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

a 	r• Lr ; 	j 	i t ~_ 	r 	r j 	a 	~~ 	• 	+ 1 

As pointed out in Chapter 3, the net skin friction of the 
plane boundary could be supposed to be the skin friction beyond 
a distance equal to 35h from the element, on the basis of 
Plate's results (13). Accordingly not skin friction could be 

61 

effective over the area I DE (See Fig-3-1). 
defined as 

f3 	L P ' a/2 

F 

L P '/2 

Hence Cf could be 
3 

(5.14) 

(5015) 

where Fa' is the positive skin friction per unit width between 
35h and total length L between two elements, downstream of an 
element. The variation of C,f f3 
has been studied below. 

with the pertinent parameters 

Figure 5.17 shows a plot of C f ' with "T'Rb/v for all the 
3 

smooth boundary Bits. It is soon that Cf decreases with 3ncrese 
3 

in Reynolds number of the main flow. The data for both the 
series (Lfh # 60 and t/h w 80) fall together. The equation 
of tine fitting the data is 

C f w 	` 	 (5,16) 
3 	(VRVv a 



The Karman • Prsndtl equation for a smooth boundary can 
be written as 

- -,~ 2104
10 R' f 	0.8 	 (5.17) 

This 1s usually e,r*ssad in gaphlcal form R vs f 

to facilitate direct solution. For an open channel Reynolds 
number can be written as 4VRtfv and since the average shear 
stress (of the smooth boundary) can be written a. .f ► .p 

4 	2 
hence C bec mes, equal to f As Accordingly. Equation (5.17) 

$ 
has been modified to show the variration of C

f 
with (4 	v ) 

according to Karman w Prandtl equation. This equation 
pr•' tots higher C f valu*s than those obtained fxom the straight 

3 
line of the data of the present investigation (See Fig.5.17). 
The difference is beosu s e of the fact that Kerman. «► P rendtl 
equation is valid for a boundary where friction remains 
constant. In the present case frictional resistance of the 
smooth boundary is constantly varying because of the redevelop 
trig boundary layer. 

Fig. 5.18 shows $lot of C ff vs. 	./„ 	. The friction 
coefficient decreases with lnerease of ' L/v . As In Fig. 
5.15 and 5.16 different lines er* obtained for the two different 
values of 1./h on which the investigation was carried out. it 
may be seen that the scatter in case of individual spacings 
in this plot is mach smaller than the scatter in either 
Fig. 5.15 or 5.16. 
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9.4.7 Variation of L1/h von, TIR iv  S 

The length of standing eddy for difforont roughnoou 

pattomo usod in this study wns con,utcd from the ohzr dtotzii 
button diagrams- The curvoo of meaoured skin friction vo t Toro 
oxtrrpolntcd to find the point at Which the *in friction to 
zero. This ties takon no tho limit of the otcnding oddya The 
length of the standing eddy has boon plotted in a dimonetonloos 
form in Fig. 5.19 which In o plot of L1/h against 	b/v • 
Tho data rovo rl dt fforont Curvoo for tho tt o different rughn000 

patterns viz L/h = 60 and L/h =80. It may be soon that tho 
length of standing eddy increases with tho tncroaso of VlR v 	In 

;'th cAiies 	The :resulting curves from tho present invostigatton 
indicate a s imi li arc trend to that obtained by Chang (3) for a. 
otnglo of - ont which incidentally Is the limiting ctaso of 
elements In ortog. The rosuIts of the oat orimcntal runs toonductod 
by Chang ore also plotted on tho Ftg*3.19. 

A plot was oleo medo bo;twoon Ll/h and D/h but no rol ation . 

could be ostobltshcd between those p ,rcmotors. Honco this 
plot has been omitted ft or prosontat .on. 

It wate shown In Chapter 3, that tho form drag coefficient 

for tho strips could be dotonninod in tt ► ways on the boos of 
tto different oosurptiono. Tho firot ono iu to neglect tho 
negative friction within the eddy and ascribe the difference 
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of total shoat and moasurod pooitivo friction to tho rosiatt~nco 
of strips. Tho socond approach ig to aosumo tho not skin frio-
tion to 'ba tho monsurod !cin friction values beyond 3h from 
tho oicmont and find v ,,ocordingly. Tho latter procoduro hoc 
bore uood horn since tho rough boundary studios have lent 
cupport to tho aosunp tion$ involvod in tho oocond £pp 1 ach. 

As shown oaritor on tho basis of dimonsional analysis. 
the drag coofficiont of a roughness eloment in series en bo 
t rittc n oo. 

CD = 0 (n/h0 L,/h) 

Tho drag coofficiont for ouch run was computad uoing Ea ,ono 
, b It Z 3e 37) and (3.18) . ' sums n g a øtmtltarity w th tho 

oomi•.iogarithmic rolation for friction in pipoo, plots of 
INC0 vc• to g10 D/h tioro plottod for different spacingo, Thoao 
aro shoran in Fig.5.20 tech indicates a linoor rol itionahip 
botwoen 	and lo g1 n/h for tray dif foront L/h voiu os u cod 

Ic 
In this study. :each a rolationship woo oleo found by Rangoraju 
and Gordo in their studios covering a ron►go of L/h from 2* r 
to 40•0. It may bo soon that thorn in a tondoncy for data of 
difforont oiopos to fall on difforont lingo. No explanation 
could bo givon for this tondoncy and hanco avorago linoo are 
drat • 

5.4.9 V iri ation of T fl vo L/h i 

It roe nantion©d onriior that tho oxporimonta of Rangoaju 



and Gardo (17) on a Booth boundary having sodas of roughn000 
olcnts shoticd that tho total resistance of the boundary could 
bo taken as equal to foira resistance of the zoughnoss o1cmont s 
upto a value of L/h = 40. In othor words upto L/`h = 40, the 
frictional resi stanco of the boundary may be tahon all zom. 
However for largor lacings ddn friction of tho plane boundary 
c-ou1d bo important. Fig. 	shows tho values of Ts/r (i.e. the 
ratio of not skin friction to total shear) plotted aga1fl t 
L/h. 	"'Q has boas shorn to bo zero for L/h 40 on tho bas!$ 
of studios by Rangaraju and Garde. The author's data choirs 
considorablo scattor but the parameter r, t 0 can distinctly be 
noon to increase With increase in L/h. 

In order to check the validity of the method davolop. c d 
hero, use Is made of Bashn's (2) dote on tvo-dimonsbonol otrips 
of negligible thickness for a rvintivo spacing of 48. 'Thin to 
Iona as follows. The total rostgtanco is given by 

_= Cf . L.P. 	/2+ CD . 	(5.18) 

In case of Dasha' a data for L/h = 48, tho C f valu os for difforont 
3 

Tuns bore cor utod from the equation (5.13). Tho valuos of CD 
cioro computed from tho oqotion (2.3) using the C1 and C2 valuo~t 
for a relative spacing of 48 from Figs. 521 and 5.22 respectively. 

65 



The to tcl rosistonco 0 Woo then comput cd from the 1 u otion 

(s.1e) . The observed and tho cotputod valuos of To  oro eon* 
parod In Pig.5.24. The valuos of slope for each run are 
a oxkod against the corroseonding point on the figure. 

In general the cowputod valu ou ore r . thin 1 15 % of , the 
obsorvod values*  though the computed voluos tend to be snalloy 
for data with l rgor values of slope. This may be , o to the 
presence of surface t avoe:  the resistance of which has not hacn 
t akon into account in the present method. 

The convexntionol rest tonco equation cab be wrttton 

	

. . a 2 lnP.j. 	4 ai 	 (549) 
V 

c horo 0l  a function of roughnogs gr om t2y 

Since '/V, Is constant for a given value of 0/h and L/h,, 
honco too  tiauld also be constant for given values of # h and 

La Accordingly the velocity distribution lot could be 
raritton as 

	

U/V.a  a 0 (tog y/h) 	for given volu oc 
of D, h and L. On this basis typical hta on the velocity 
distribition for flow over roughneos olomonts in serlos has 
boon plotted In Figures 9.23 and 9.26. The velocity pzofiloa 
takon midway botwo n tho olcrnonto and those over the Q1cot 
are plotted together for ouch value of L/h. 



It Is distinct that tho velocity ovor tho otor c t at 
any givcn of ovation horn tho bed is always groator than tho 
volocity bottioon the iughn000 elementa at the corrosoondtng 
olovation. This may probably bo on account of the incrooso in 
moon velocity over the o1 errant. 

The difference in velocity profile over the olecnt end 
midway betwoon the -A erncntsf noticod in Figures 5.25 and 5.26a 
have boon previously pointed out by Adachf (1) and Rangaraau 
and Gard* (17) . It is seen from tho Figures s.2s S. s.26that the 
difforonco bet~ioon velocity profiloa over the roughness olement 
and midday betwoen elements to larger in caso of Zarger spacing. 
Anotho: point to note is that a break in velocity profile occurs 
in case of both tho spacings uSod hero. This fact has alco boon 
pointed out by previous invc tigators (1,9,10,15). 



CtAPT 	•». t 



~~►C~IJ. tJ _ 	SUGG 	t?NMFOR 

The present investigation has thrown additional light 
on the mechanism of resistance to flow over two-dimensional 
sharp edged srtifid.al roughness elements in an open channg. 
The main aspects of the problem investigated were form resie* 
tance of roughness dements and skin friction of the plant 
boundary having regular arrangement of roughness elements in 
series. As a result of the snaly si n of the data collected 
during the present investigations the following conclusions 
are derived: 

1. The drag coefficient of a single normal plate kept on 
'the bed of sn open channel decreases continuously with 
increase of D/h. 

2. 'he equation 
CD 0 C (1 - h/Dy.2.85 and the curve of C,6 vs 

proposed by Rangsre, a and Garde from wind tunnel studies 
is inadequate for the determination of drag coefficient. . 
of a roughness element placed on the bed of an open 
channel. 

3. in case of a plane boundary having roughness elements 
placed on the boundary in series the total resistance may 
be taken equal to the form resistance of the strips for 

t/h < acs. 
4. The total resistance of a plane boundary with roughness 



olcncnto having L/h> 40 can bo dotorminod by adding tho 
form rosistanco of tho strips to tho skin friction i loon 
S3h and L docanstroau of tho olomont. Equations( 2.S ) an t 
(3.18) along with flc, roo (5.21) and (5.22) onablo ca1ai 
lotion of tho form rosistanco t hilo oquotiono (5.l) end 
(3.17) along with f!Suro (5.11) can bo used for tho cal- 
culation of tho abovo frictional resistance. 

It is doslrablo to continue tha study of tho proh1ca  

prosentcd herein In order to got a bettor understanding of the 
phonomonon of rosi'tanco in this contort the following 
suggestions can be mado for further research on the pmbloms 

1. The prosont investigations used only sharp odgod roughnoss 
of omcnt o spanning the tshole width of the flume. i rthor 
studios should be carried out with differcnt types of 
roughness olomants. 

2. tudtos concerning tho skin friction of tho bounder/ oo 
well no the total rosistaneo of the boundax. j shod' A 'bo 
rado with larger sp ocings. 

3. In coso of rosistanco of singlo element more studios 
should be made on effect of Fxoudo' Q number on drag 

coofficf onto. 
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Photograph 1 - General View of the Experimental Flume 

Photograph 2 - Roughness elQments in poe1ton 
on the bottom of the flume 

glued with gravel. 
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