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ABSTRACT

This thesis presents the results of an experimental investi-
gation concerning the'mechanism of resistance to flow over
two-dimensional sharp-edged roughness elements of negligible
thickness., The studies were carried out in a tilting flume
with water and also in two wind tunnels, one of them being an
open cireuit tunncl & other ofthe closed-circuit type., Experi-
ments were carried out to cover the following aspeccts of the
problem -

a) Bffect of lontraction of the stream on the drag
coefficient nf sharp-cdged plates,

b) Effect of submergence of a normal plate in a
turbulent boundary on the drag coefficient »f the
plate.

¢) Torm resistance of an element kept in series on a
plane boundury and the total resistance of the plane
boundary.

d) Effect of introduction of a small roughness element
in the wake of a large onc¢ on the resistance

charscteoristics of both the elements.

. In addition to the aspects mentioned above, information has
also been obtained on the nature of velocity distribution in
the flow over artificial roughness elements and on the location

of datum as relatecd to the relative spacing of the roughness



elements . Also the applicability of the method suggested
by Morris to the type of roughness elements used in this
study has been examined,

The conclusions derived on the basis of the
analysis of data concerning the various aspects mentioned
above afford a better insisht into the problem of resistance

of artificial roushness clements,
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Symbol

LIST OF SYNMBOLS

Meaning

Projected arca of a body on a plane
normal to the direction of motion

Constants in resistance equation

Width of channeld.

Momentum corrcction factor

Chezy's coefficient

Drag coefficient based on the

average velocity

Drag coefficient based on the
average velocity,but correspond-

ing to an infinite stream

Drag coefficient based on the

free stream velocity

Drag coefficient based on the
velocity at the crest level of the
element ,under infinite stream

conditions

Drug coefficient corrected for
blockuage according to Maskell
Drag coefficient of an element in

the primary seriecs

Drag coefficient of an element in

the secondary series.

Units

Metr02

Dimension-
less
Met res

Dimension
less

ml/z/sec

Dimension
less

6

Dimen-
gion



Symbol
C.,C

o

Meaning

Constants used in the resigtance
edquation.

Thaoi: base pressure corrected
for blockage used by Maskell

Constant used by Morris
Depth of test scction of the wind
tunnel or depth of flow in the

flume measured from the floor

Diameter of the coacuit

Sediment size for which 50 percent

of the material by weight is finer.

Sediment size for which 65 percent
of the material,by Weight,is finer
Sediment size for which 90 percent

of the material, by weight,is finer

Units
Dimension-

less

L

cms or
metres

Metres

Thickness of the boundary layer de- cms

fined so that the velocity at the edge

of the boundary layer is equal to 99

percent of the free stream velocity

Dimensgion

L

7
M/L°

Lateral spacing between roughness cms

elements

Mass dengity of the flowing fluid Metric
slug/m

Blockage coefficient used by Maskell Dimension- -
less

Force acting on 4 unit length of kgm/met re

a two-dimensional element

Porce acting on a body of area . .'A' kgm

‘



Symbol
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Meaning - Unit Dimension
Force acting on a strip element kgm ML/T'd
of width B
Froude number of the flow Dimension- »
less

Froude number corresponding
to neutral stability

Darcy-Weisbach resigtance coeffi-
cient SR -

Darcy-i/.isbach resigtance coeffi- vy -

clent Ifor the smooth bed

2 £

Acceleration due to gravity Metre/scc b
Height of roughness elenment cms L
Height of roughness element in cms L
the secondary series
Head loss in a length of conduit metres or L
cms
L(\
A\
Width of zroove in a bed with metres 1
roughness elements
Karman's constant Dimension=~ &
less
Equivalent Sandgrain roughness metres o
of the bed
Resistance parameter which is a Metres L
function of the roughness geometry
Mixing length Metres L
Spacing between the roughness cms L
elements
Length of conduit Metres L
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Meaning

- Distance of the small element from

the large element

Spacing of clements in the secondary
series

Roughness concentr.tion,defined as
ratio of projected arca of roughness
elements to the area of the bed.
Dynamic viscosity of the flowing
fluia

Manning's roughness coefficient

Kinematic viscosity of the flowing
fluid

Perimeter of roughness elements in a
cross section

Ambient pressure

Pressure on the upstream face of the

element at a height y from the floor

Average pressure on the upstream
face of the element

Constant pressurc on the downstream
face of the element

Perimeter of channel

Hydrgulic radius of channel
Hydraulic radius with respect to bed

Reynolds number of flow

Unit weight of the flowing fluid

3

Unit Dimension
cms
cms
Dimension -
less
m LT
"1/3 7
metre T/Ll/”
sec
mz/sec Lz/T
metres L
2 .
kgm/m M/L’f2
1t 1t
11t ‘!I
¥y t
Metres L
Metres L
Metres L
Diﬁunsion -
less
kgn/m®  M/LPT%



Symbol
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Meaning Unit Dimansior

Difference in unit weight of the flowing kgm/m5 E-,I/LZEE’d

fluid in an open channel and the fluid

above the free surface.

Water surface slope Dimension -
less
Thickness of the roughness element cnms L
g 2

} t A I Parnts

Average shear stress on the bed kem/m M/LT

Free stream velocity metre/sec  L/T

Velocity at a height 'h' from the 't T

floor

Velocity at a height 'y' from the floor M Py

Average velocity in the vertical centre 'Y ot

line of the tunnel

Average velocity in the vertical centre ol 5y

line of the tunnel corrected for blockage

Average velocity over the cross section 4 A

of the channel

Shear VClOCity o '(-J/g 11 o7

Constants used in Kcloseus's equations Dimension -

less
Height measured from the floor Metres L
Constant used in Kolosews's equation Dimension -
less
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1.1 Preliminary Renarks :

The problem of predicfion of resistance to flow in
open channels has attracted the attention of engineers for a long
time. A knowledge of the rcsistance to flow in open channels is
cssential in the design of camals, preparation of stage~-discharge
curves for rivers and other related problems, However, an accu-
rate solution of the problem of prediction of resistance in open
chunnels is nuch ﬁore diffioultbtn;n in t he case of flow under
pressure through pipes., Firstly, while one is concerned nostly
with pipes of circular cross scetion, the cross section of open
channels nay be of any shape fron circular to an irregular form
a8 in the cuse of natural streans. Also , the configuration and
arrangenent of roughness elenents encountered in case of natural
open channels are almost infinite; as a result, the range of vari-
ation of the rcsistance cocfficient is much larger in open charmels

than in pipes.

It is well known (38)* +that in flow past a boundary
with small roughness elements, the velocity distribution in the
turbulent flow region is logarithmic for smooth, rough and the
transition boundaries., However, deviations from the logarithnic
velocity distribution law h.ve been noticed (17,23) in the flow

past a boundary with fairly large-sized roughncss elenents; this

* Numbers in parinthesis relate to References given at the end.
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departure would necessarily introduce somne inaccuracy in the rcsis-
tance relation obtained by integrating the logarithmic velocity

distribution cquation.

Nevertheless,cripirical resistance relations like the
Chezy's and the Manning's equations have been developed and these
are useful under a linited range of sonditions. The Manning's
equation, in particular,has becone a widely xccepted resistance
relation for rigid-bed open channel. flow. In using this rela-
tion, the roughncss coefficient 'n' for a channel is fixed by
cxperience or by reference to standard tables (7) in nost cuses,
however, fin the particulur cuse of flow over a hydrodynamically
rough sandy bed without notion, the Strickler's equ.ition, i T

L1/6

n = e in netric units B ARG L Tl S

is comonly used, In the above equation, d is the representative
grain size in netres, But therc appears to be no agreeument on the
g¢ffective or the representative size of the nmaterial to be used in
the Strickler's equution., While Einstein (8) has used d65 the
size for which 65 percent of the material by weight is finer) und
Meyer-Peter and Mucller (15) have used d9O (the size for which

90 percent of the material by weight is finer) - though with a

slightly different numerical constant, - the size 4., (the size

50
for which 50 percent of the material, by weight, is finer) has
been used us the effective size by nuny others. Apparently when
the effective resistance is the combined effect of 2 number of
different roughnzss clencents (as 1s the above case ), there scens

to be no reliable procedure of evaluating the total resistance

accurately. The case of flow over an alluvial bed with motion is
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anbther highly involved problen of this category. In this case at
shear stresses large enough to cause novenent of the sedinent,
sedinent notion is accompanicd by the formation of undulations on
the bed which change in character and size with changes in dis-
charge, The total resistance in this case ig the effective sun

of the grain resistunce and the form resistance of the undulations
and no accurate riethod is available at present to predict the

resistance coefficient for such channels.

1,2 Studies on Artificial Roughness Elenents :

The resistance characteristics of commercial pipe
surfaces can be conveniently expressed in terms of an 'equivalent
sand grain roughness' as a result of the experimental work carried
out by Nikuradse on sand-coated pipes und by Colebrook and White
on commercial pipes (38). Bused on experiments on artificial
roughness elenents, a number of efforts have been nade to evolve
a roughness standard for open channels, sinmilar to the sand grain
roughness for comnercial pipes. Notable anong these are the works
of Schlichting (38), Powell (28), Johnson (12), Basha (6), Aduchi(2)
and Sayre and Albertson (37 Bug they have not met with the
Sane reugrkible success s the work leuding to the sand grain
concept for natural pipe surfices. An attenpt by Basha (6) at
compuring the resistance characteristics of alluvial channels and
those of a channel with artificial roughness elenments indicated
nerely a qualitative similarity, Further, all the above studies
were concentrated on the total resistance of a plane bounduary
interspersed with a regular array of artificial roughness elenents,

without regurd to the individual roughness effects,
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A rational approach to the problem of resistance of a
corposite bed (defined herc, as one conprising of different types
and sizes of roughness elerments) was sugzested by Einstein and
Banks (9). They curried out flume experinents with different
combinations of various types of roughnesses and found that the
total (effective) resistance could be obtained as the sunm of the
resistances offered by the individual roughness elements, Also
for the roughness concentrutions studied, it was found thut the
roughness c¢lements could be treated as discrete and the standard
values of drag coefficient (36) (for case of unlinited extent of
strean without any velocity gradient)could be used to prediet the

resistance offercd by the roughness cleuents.

1,3 Interference Effect :

The above findings would irply that the interference
¢ffect - nanely, the effect of the bresence of a roughness elec-
nent on the resistance of the other roughness elements or on the
resistance of the plune boundary - was not appreciable, In other
words, uccording to this approach, the effective resistance can be
obtained as the sun of the pluane boundary friction over the wholc
2rea and the fornm resistance of the roughness elements calculated
using the listed vulues of drag coefficient (36); thus, ecach
elenent is beinsg treated as if kept isolated in a strean of infin-
ite extent und is also assuncd to exert no influence on the plune
boundary friction., However, over a wide range of roughness
patterns and spacings, one would cxpcect that the interference
effect would bs imvortant unl needs to bec congidered in the an,-
Iveds, In Faat, the drag coefficient of the elcnent would be

in generul, a function of the depth of the strean, the type, size
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and arrangcnent of the reughness clenents, and the area on which
pluine boundury friction is cffeetive would depend on the roughness
pattern und size also, It Ay be mentioned that in the Problen of
alluvial channel resistance, an atternpt at considefing the effeet

of presence of bed forns on the grain resistance hus been nade by

Tsubaki (39).

Thus, in 2uplying the approuch of Einstein and Banks
(9), to a cusc where there are different types of roughnesses on
the bed, it is very essential to evaluate the effect of interfer-
cnce on the resistance paraneters, Considering the case of a plane
sriooth boundary on which artificiil roughness elenments arc arrangc d
at different concentrutions, the following information is essentjal

in thoroughly understanding the nechanisn of resistance of the bed:

a) The drag coefficient of 4 representative roughness
element and its variation with the roughness concen-
tration and other flow paraneters,

b) the effective arca of the plane boundary on which
skin friction would uct and the variation of the
friction coefficicnt for this area with the relevant

paraneters,

1.4 Drag Coefficient of the Roughness Elenent

It nay be nentionca thut very little information is
available on the two a8pects of the Problen, nmentioned above,
Though information on the drag coefficient of bodies held in an
uniforn strean of infinite cxtent (the tern uniform hus been usged

here to indicate o flow reglon in which there is no velocity
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varigtion across the flow) is available (36) only limited
studies havec bcen reported (4,21,26) concerning the resistance

of bodies placed on a boundary. The flow past a body placed on

a boundury is different from that past a body held in unifornm
flow in two respects; firstly the wake behind an elenent kept on
the boundary is of the non-oscillating type, while that behind a
body in uniform flow is of the oscilliting type. The plane boun-~
dary, 4pparently, places a restraint on the tendency of the
vortices shed in the wake to oscillate., Seccondly, an elenent
placed on a boundury would be Subnerged in a boundary layer,
while the element held in uniforn flow is in a region where there
is no velocity gradient. TFor these two reasons, one cannot use
the available results for uniforn flow without the plane boundary
restreint on the vortices, in the present case., Further, infornu
tion is also lacking concerning the variation of drag coefficient
of a4 roughness elerient, when ploced at various concentrations on
the boundury. The skin frictiou.on the plane boundary with arti-
ficial roughness elenents is another: aspect of the problen, which

needs detailed study.

1.5 Scope of the Investigation

This investigation was, therefore . carried out with a
view to enable a better appreciation of the nechunisn of resistance
to flow over artificigl roughness eleiients kept on a plane boundury
by providing infornation on the two aspects rientioncd gaTLEeY,  1f
18 hoped that the infornation would be useful in studies on arti-
ficial roughness clements aired at evolving 4 roughness standard
or in probleng concerning the prediction of the resistance of o

conposite bed,
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The problenm posed for investigation was simplified by

restricting the studies to two dimensional roughness elenents,
placed laterally across the width of the channel.. Sharp-edged
strips of negligiblé thickness were used as the roughness elcnents,
since the drag coefficient of these strips would be jindependent of
Reynolds® number over a large range of Reynolds number. The wor.s
was prograrmed to provide the following information :

a) Resigtance of a single element kept on a boundary :-

A single element kept on a boundary would form a
liniting case of a plane boundary with artificial rouzgh-
ness elenents at various concentrations. The results

of this part of the study would also be of help in the
estimation of wind frorces on isolated structures.

b) Effect of variation of the spdciﬁg paraneter of rough-
ness elements in series on the total resistance coeffi-
cient and on the drag cocfficient of the representative
elemeﬁt in the series. The spacing paraneter is
defined as the ratio of the spacing, L, to the height
of the element, h, and it was varied from 2.5 to 40, 0.
The rutio of the flow depth, D, to the height of the
elenent was varied from 3.0 to 27.0 .

c) Resistance of o small roughness element placed in the
wake of a large one and the e¢ffect of introduection of
the additional roughness element on the resistance of
the larger one:- The results of this part of the study
would provide Sone preliminary information concerning
the sheltcr ‘ng effect of the coarser particles on the

small particles of the sandy bed of an alluvial channecl.,
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REVIEW OF LITERATURE :

€¢1 Prelinin.ry Renurks :

Many investigations concerning the problen of resis-
tance to flow over artificial roughness elenents have been carried
out in the past. These investigutions have been conducted by
hydraulic engineers, as well as the aeronautical engineers, The
‘Studies conducted by the weronautical enginecrs throw light on the
characteristics of flow around Single roughness elenents, the vari-
ation of their drag coefficients, etc, The studies conducted by
hydraulic engineers mainly relate to the case of a series of
elenents on the bed of an open channel and the effect of the
roughness concentrution on the resistance coefficient. The sali-
ent features of both the above categories of investigations are
reviewed in this "hapter to illustrate the various approaches that
hzve been nade in the past and to bring out clearly those aspects

on which informution ig lacking,

For the purpose of this investigation, the review of
literature has been divided into two categories :-

a) Studies on the resistance o#?single roughness element,
rnost of these studies having been conducted in a wind
tunnel,

b) Studics on the totul resistance of a plane bounduary

with a series of roughness elenents placed on it, nost

of these studies being in open channels.
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£.2 Studies on a Single Roughness Elenent :

Roshko (32) 1955, while studying the characteristics of
flow past bluff bodies, found that the shnedding frequency of
vortices behind a cylinder ang its drag coefficient arereduced
by the provision of a tail plate parailel to the flow and along
the plane of symretry,

Arie and Rouse (4), 1956, studied the characterigtics of

two-dimensional flow over o plate kept normal to a Plane boundary,

The experinents were perforned in the uniforu test section of an
r:'25';'{:&3\371‘--cir—cuit wind tunnel, The problen was simplified by elinina-
ting the effect of the appreach boundary layer by placing the
P late vertically in nidstrean (away fronm the plane boundary);

bout the non-oscillating charucter of the wake was nmaintained by

#.he provision of a tailplate which was symnetrical with respect

4

f=t

‘tio the test plate and normal to it . The tail plate extended in
the downstrean dircection a distance slightly greater than the
dength of the standing eddy, The separating streamline down-
strean of the test plate was approxinated by 2 Rankine oval and
it was assuned that the streanlines at a considerable distgnce
fron the plate would approxinate those in irrotationsl flow past
the Rankine oval, Based on these ideus, the streanline conflpu—
ration in the vicinity of the tunnel floor and ceiling were
deternined ., The caleulated co~ordinates of the streamlines werc
corrected tuking into account the fact that a boundary layer would
develop along the tummel floor and ceiling, To obviate the effect
of the presence of the tunnel floor and ceiling on the flow,falsec
boundaries shaped to the corrected streanline profile were intro~
duced at the top and botton, These were then srmoothly joined to

the bell-nouth entrance,
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Howbver, since the flow over a plate fixed on a
bounﬂ4ry departu from the irrotational flow past a Rankine oval
due to the prescnce of turbulence in the wake, the corrections made
in the boundary profile were found to be inadequate, Henge addi-
tional analytical corrections were nace and the analysis of the
experinental data led then to concludc that;

a) the use of neasurenents nade on bodies placed in nid-
strean to approxinate conditions in which the wake is
not free to oscillate can cause large error,

b) the drag coefficient for a flat plate kept in uniform
flow region nornmal to the flow and with a tail plate
is 1,38 and thus only two~thirds that for a normal plate
in uniforn flow without a tail plate: also, the relative

AN
e wF/e

anbient pressure, Py the constant pressure on the rcar

pressure change. (where p, denotes the

of the plate, € the nuss dingity of the fluid and ¥,
the free stream velocity) in the former case is
=0yB% (vide Big, . 2.1) and thus less than half the
value of ~1,36 inthe latter case

and ¢) the length of the stand ing eddy behind a normal plate
with a non-oscilluting wake is 17 tinmes the height of

the plute

Rouse (53), 1961,. ¥ron the above ncasurerents of the
nean flow und turbulence ch¢racturisiies, Rouse (33) evaluated the
various terns involving turbulent fluetuations in the equations of
rotion,

Nagabhushanaiah (21), 1961, cxtended the work of Arie andg

Rouse (4) by evaluating the effect of the approach boundary laycr
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on the flow past a flat plate‘leCUd nornal to a plane boundary,
(It nmay be noticed that the work of Arie and Rouse corresvonds to
the case of zero thickness of boundary layer)., He conduched
experinents in a wind tunnel 1.83 n x 1.83 n in cross section and
<0 neters long, using plates of height wanging from 1,25 cu to

30 cm, the tunnel floor serving as the plane boundary. The ratio

of the boundary layer thickness to the height of plate, é/h,

was varied fron 0.67 to 17.0 . (8 is the height from the wall at
which the velocity is 99 percert of the free strean velocity).
The drag force on the plate was ~btained by pressure neasuremnents
and the data were not corr-z:.2 for the blockage effect., The

conclusions from his study were

a) The length of the standing eddy behind a flat plate
kept normal to a planc boundary is 12 tines the heizht
of the plate and is independent of &/h in the range of
0,67 t0 174 it may be nmentioned that at 8/h equal to
O, the length of the standing eddy is reported as 17h
by Arie and Rouse (4),

b) The resultunt force on the plate acts at the nid-
height of the element, while it acts at 0.45 h fron
the bottonm in the cuse when &/h equals zero,

¢) The drag coefficirnt O » defined with respect to

%t
the free strean velocity varies as shown in Pig. +: 2,2,
Showing a continual decrease fron a value of 1.20

at &M equal to 0.6%, with increase in 8/h.

Nosh, Quincey and Callinan (22),1962, studied the effect

of length of a tail plate on the flow Pust a nodel with a blunt

i g
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ex@ansion and they were related ewpirically to the flow geonetry.,

Maskell (14), 1963 , performed a semi-~theoretical analysis
of the effects of blqckage on the flow past bluff bodies in closed
wind tunnels, It was pointed out by Maskell that the available
corrections (25) are meant for application to flow past strean-
lined bodies like aserofoil sectiong, An wnalysis of the blockuage
effects on flow past bluff bodies was therefore, carried oﬁt
and the results led him to conclude that the constraint of the
tunnel walls can be interpreted as an effective ircrease in
stream velocity, The corrcction proposed by Maskell is applicable
%o bluff bodies with fixed separation points (in the range of
aspect ratio fronm one to infinity. For the case of a normal
plate of any shape kept in nmidstream but without a tail plate),

the correction can be written in the form ;
C

C = D
DC _’_"'i"'_—"""' .ao.nao--ooncs(gnz)
1+ & €. nwoh
Dl ;

where OD = Drag coefficient with respect to the free-
Strean velocity of a plate of area 'A_ ' held

in a tunnel of cross-3ectional areg 'At'

GD = Drag coefficient with respect to the free-—
strean velocity, but corrected for blockage
effeect,

Cl,l’ld. é = l/CP ......--.(2.3)

where C
be

Base pressurc corrected for blockage effect,

il

The value of £ was found on the basig of experinental results of

various investigutors, For the case of a two-dimensional nornal



plate in nidstrean (but without @ tail plate) £ was found to
be 0.96, so that equation (2,2) can be written as follows,

for this case ;

o
Sl D
. - SO SRR i inad v it BES)
1 4 0,96 OD.fh
e

The applicability of the above cquation to the case of
PL J q
a two-dimensional plate grovided with a teil plate , however,

requires verification,

Modi (16), 1964t conaucted experiments in a wind tunnel
with the object of studying the resishanes characterigtics of
two-dinensional ineclined nloteg kept on a plane boundary, His
Qxperiments revealed that for plates inclined between 30° ana
90° +to the upstrean direcetion, the length of the standing eddy
behind the plate is qppfoxinatel; equal to 12 tines the projected

Neight of the plate.

Mucller, Korst and Chow (20), 1964, carried out a senji-

Sheoretical analysis of the characterigtics of the'redeveloping
Doundury layer downstreanm cf +the standing eddy behind a roughness
flenent. A nethod of bprediciing the velocity listribution in
Yhe redeveloping boundary laver under Z2ero pressure gradient was

developed,

Plate (26), 1964, conducted an experinental investiga-
sion of the drag on a snooth boundary with a two-dinensionsl
vertical roughness elenent irmersed in the turbulent boundary
layer on the boundary., The flow pattern for this case, originglly

Presented by rlate, ig illustrased in Fig » 2.3, The experinenty
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work for the étudy was carried out in a wind tunnel having a

1.83 m}square test section 27 meters long, the floor of which
was used as the plane boundary. The height of roughness elements
was varied from 1,25 cm to 5 cm and the ratio 8/h was varied
from approximately 2.5 to 12,0 (8, the boundary layer thickness
was defined as the distance from the wall at which the velocity
is 99 percent of the free,-strean veloecity), Experinental results
have been presented cancerning the Pressure distribution on the
vertical strip, and.the variation of the friction coefficient for
the plane boundary downstrean of the roughness elenent, The

nmain conclusions from his invcstigation are as follows -

a) The drag coefficient Op.  of the roughness elerent
1
is related te 8/h by the equation,
e 2/
Cp = 1.05 (n/8) erees...(2,5)
2

(The equation has been used to show the variation of
Cp. with 6/h on Figi.. 2,2, The difference between
3.

Plute's and Nagabhushanaiah's results are obvious)

0}

b) The negative friction in the standing eddy cancels
approxinately with the positive friction downstrean
of the re-attachnent point over a distance of 35 tines
the height of the clement. Purther downstrean of this
point, the friction coefficient is approxinately equal
to that obtained at the same point by treating the

boundary layer as an undisturbed one,

Sunnary : 48 a result of the above review the following

conments can be nade
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o/

'a) The flow past a roughness elenent placed in uniform
flow without a taillplate differs from that past a
plate in uniforn flow with a tailplate; in the latter
case the wake behind the ¢lenent is of the non-osci-
llating type and this leads to a decrease in the df@g

.coefficient, . .

; b) The drag coefficient of a normal plate in a boundary
layer decreases continually fron a Valﬁe of 1,38 at
8/h equal to 0O; however, the difference between the
findings of Plate (26) and Nagubhushaniiah (21) regar-
ding thiés variation, suggests necd for further study on
the problem: Further, the use of the above mcthods
does not lead to the prediction of resistance of & |
plate kept in a streanm of finite depth; a mnethod which
could take this flow parameter into account would be
useful in problens in hydraulics, °

¢) Tne length of the standing ¢ddy. behind a plate kept
on the boundary is approxinmately 17 times the height
when 8/h equals zero, but at values of 8/h greater
than zero, tﬂe length i1s approximately 12 times the

height of the elenent,

2.3 Studies on a Beries of Roughness Elements

Though the concept of Nikuradse's sandgrain_roughness
(combined with Colebrook-White transition function) has been
known (38) to be valid for comercial pipe surfaces, extension of
the concept to surfaces with artificial arrangenents of roughness

¢lenents needs experimental study. One of the earliest atterpts
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at evaluating the effect of the roughness concentration on the
resigtance coefficient was made by Schlichting (38), He conducted
experiments in a rectangular conduit under pressure, artificia
roughness elements of different shapes being arranged at various
concentrations on the bottom of the conduit. The values of Ks 5
the equivalent sand grain roughness, were determined by obtaining

the velocity profile in the c-nduit and then applying the log-

o -

arithmic velocity distribution equation. The above values of L

for various roughness patterns have been listed by Schlichting
(38).

Many other investigations concerning this problem have
been carried out since then and almost without exception, these
have been flume investigations involving measurements of total
resistance. The studies directly concerning the problem under
scrutiny are reviewed briefly,

Johnson (12), 1944, performed exveriments with two-
dimensional strips of some finite thickness placed on the bed of
an open channel, For the roughness elements used, he found that
the value of Ks/h is a maximum at a relative spacing L/h equal
to 12, Also, the use of Bazin's data (28) along with the data
collected by him indicated that for a given relative spacing, a
8trip dimension t/h between 1.25 and 4.0 may give the maximum
value of Ks/i. (Here t is the thickness of the strip)

Powell (28), 1946, studied the variagtion of the resistance
due to roughness elements similar to the ones used by Johnson,
However, these strips were placed along the bed and up the side
walls also, His studies confirmed the findings of Johnson that

Ks/h attained a maximum value at approximately L/h equal to 12.0
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Further, he found that the Chezy's coefficient 'C' is a function
of the flow depth and the roughness geometry only at values of
Froude number less than 1.69, but is a function of Froude number
also at Froude number greater than 2,499 no data were collected
in the range of Froude number from 1,69 to 2.49. (Chezy's co-
efficient 'C' is given by the equation ¥ - C/ RS where 7V
is the Mean velocity of flow over the cross section of the channel,

R the hydraulic radius and S the slope of the water surface).

Einstein and Banks (9), 1950, suggested the rational

procedure of treating the total rcsistance of a composite bed

as the sum of the individual resistances. The concept was verified
in an open channel investigation by using different types of
roughnesses and their combindtions, namely blocks, blocks with
offsets, and pegs., In the range of their experiments they found
that the resistance of pegs could be predicted by using drag
coefficient valuecs for isolated cylinders at the appropriate
Reynolds number, Further, the total resistance as measured in g
case where all the above roughness elements were bresent on the
bed, was approximately equal to the sum of the individual resis-
tances, also found by experimentation. They found that the pattern
of arrangement of the pbegs, apart from the concentration of pegs
would influence the resistance, However, Herbich and Shulits (31)
and Morris (17) have expressed the opinion that the arrangement or
the roughness elements is of Very secondary importance, As
mentioned earlier, the concept that the total resistance can be
treated as the sum of the individual resistances would imply that
there is little interference effect and this is questionable

when extended to cover various types and concentration of rough=-
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Robingon and Albertson (31), 1952, used short angle irons

as diécontinuous roughness elements on the bed of the flume, in
their investigation , They used angle irons of length equal to
four times the heizht and placed at a lateral spacing, (centre

to centre) of six times the height and a spacing in the flow’
direction equal to ten times the height. They used geometrically
similar patterns, with two heights of roughncsses, viz. 1,27 cm
and 2.54 cm,and obtained the following relation between O/l
and D/h on the basis of their experiments :

C

=1 4. l.ﬂf Dh +1.51 .........{2,6\
/& e S

Here, g 1is the acceleration due to gravity.

Morris (17) , 1955, analysed thc Adate on rongh and
transition boundaries of conduits in & fashion much differcnt from
the conventional, He quoted instances in wiich the transition

region on the plot of friction factor 'f' versus the conduit
' : or
Reynolds number Ry yilelded horizontal¥rising curves, while the

usually accepted function of Colebrook and White (38) shows a

falling curve. Here
)
2SO

e

| TR R e
f 2gDC on.an-o--oa(2|7)

‘ ) VD
e Re i —-"—;9"‘ L e Sy W G T

L/
where DC is the diameter of the conduit, h

£ is the head loss
in a length of conduit Lc and ) is the kinematic viscosity of
the fluid. ZEven for cases where the usual falling characteristic

is obtained, instances were cited in which the computed value of

KS was a function of Re and pipe diameter., As such, Morris
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concluded that the sandgrain concept was unsuitable in cases

other than the uniform sandseogicd surfaces,

Morris elassified the flow past a boundary with

roughness elements on it into three categories :-

a)

Isolated roughness flow :- In this type of flow, the
wake zone and vortex-generating zone at each element
are completely developed and dissipated before the

next element is reached, The total resistance could

be calculated as the sum of the form drag on the rough-
ness elements and the friction drag on the plane
boundary between the elements, The equation for

friction factor, given by Morris, is

D
£ fs (1 + 67.2 ODﬂ NP % )

-

s 08.9)

@]

® 8 0 3 @ A

where fs is friction factgr fdr the plane boundary
at the Reynolds number of the flow,
P ig the total perimeter of channel
and P is the perimeter of roughness elements in a
cross section.
Wake-interference type of flow :- In this case the
roughness elements arc at such a spacing that the
SCQar4tion zones <nd regions of vortex generation
and dissipation behind each e¢lement are not fully
developed before the next element is met. For this
tyoe of flow, different transition functions (between
the smooth and rough boundaries on a plot of 1/ /F

2 Log. . D/L and R/% )

il
D/L
spot roughness, strip roughness and the corrugation

were obtained for



34

roughness, For the fully rough flow, he found that

l//-f-_. r 210@ B""l.?t_) bo.i.a:-o-o(golo)
10~

¢) Quusi-smooth flow :- The roughne ss elements in this
type of flow are Ho close that the flow essentially
skims over the crests of the elements and stable
vortices exist between the elements, The friction,

factor for this type of flow, as given by Morris, is

; G 3
L R by sy R 5 £
(v )
L/h,j

where 'u, ' 1is the velocity of crest level of

h
element,
CW is a constant veuglly taken as 0.5,

B

and 'j' 1is the width of the groove and should te

used in the equation if 'j is smaller than 'h' 3

otherwise 'h' should be used,

If the width of the groove is smaller or equal to the
height of the element, the flow was classified as quasi-smooth
(18). The classification betwecen the other two regimes of flow

can be done with the help of Fig. 2.4, presented by Morris (18).

The datum for the measurementof depth of flow was
taken as the top of the roughness element for all the three flow
regimes, L1t was thought that any attempt at locating the datum
80 as to make a logarithmic velocity distribution fit the whole
depth would be inaccurate, &ince a break in the velocity profile
has been observed in many cases (Vigde Fig.>2.5).

Koloseug (13), 1958, developed a criterion for instability

of flow using the friction factor equation for a rough channel.



&)

e
IRY)
(It may be mentioned, that under the unstable condition, a
disturbance of the free surface increases in magnitude as 1t
moves downstrcam). The criterion based on Froude number,

V//gD , and the friction factor 'f' could be approximated as

follows : 1
-
If —- < 1.60 , flow is stable ) \
/gD % S0 el dale)
TP > 1.80 , flow is unstable )
gl

For a bed with & diamond arrangcment of cubes 4T Two
concentrationg, different resistance relations were developed
for the stable and the unstable flows, based on exrerimental ata
the classification of flows being done with the help of the abov

criterion. The equations are of the form

A (£D_ ) o gtable Flow - wve. {249
45 a (8% Th
i - 10
LS ] ZD/h
iting T TR loélo ( em—) for unstable
V//&B TLRRE . o vl OLt oo )

[N

wherg X, Y and are functions of the roughness concentration.

Sayre and albertson (37), 1961, carried out experiments

in a flume 2,4 metrcs wide with discontinuous angle iron rouglness
elements on the bed., The lateral and the longitudinal spacings

of the elements were changed, keeping the size of the element
constant at 15 cm (width) by 3.80 cm (height). Data on the

the velocity distribution and flow resistance werc collected under
uniform flow conditions, and analyscd ., By plotting 0//g
against D/h for the data collectecd by Koloseus (for stable flowse)
Robinson, and Sayre and Albertson, they found that the resistance

equation could be written us
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V !
= . e ——— - @ fo-fe g @ 8 o 9 2015
A 6.06 log — | ( )

where Ké is a roughness parameter and a function of
the heizht, Sp«cing and arrangement of the roughness elements and
"x 1s the shear velocity equal to /ZDN .

The above equation yields a value of 0.38 for the
Karman's coefficient, K, but analysis of velocity profiles i..dgi-
cated K to vary appreciably with the roughness concentration, us
shown in Fig, 2,6; nevertheless, they contended that a value of
0:38 may be assumed for K for the wake-interference flows, Bused
on this value of X, they studicd the variation of Ké with the
geometry of the roushness pattern for all the available data and
found that depending on the arrangement and type of roughness
clements, the maximum resistiance is obtained at differc¢nt concen-
trations,

In a discussion of the above paper, Harleman and Rume:
£3%) Suggested thut mere wind tunnel determination of the drag
coefficient of the roughness elements should help in predicting
the total resistance, since it is merecly the sum of the form drag
and skin friction, But S.yre and albertson (37) felt that the
absence of a fully developed boundary layer in a tunnel of small
length could muke it difficult to cxtend wind tunnel results

to flume studies,

Rouse. Kolosecus and Davidian (34), 1963, presented a

Stability criterion covering o higher range of 'f' than in the
criterien given by Kolosels (13). Analysing data on flow over
4 diamond arrangement of cubes with the roughness concentration

A s varying from 1/512 +o 1/8 , they developed resistance equd-
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tions for stable ang unstable flows, namely,

;g 0.55 D/n 3 b
———— or sta € LLOWS
g = T8 o 0.9 )
vldis iy aal2i16)
i . 0.55 D
and - =2 loglO ( vhe h ) for unstable flows

08 Per vo
)\ 9("1:1\']:'—)/5 -.odo-ocn--n(g.lr?)
Fr-n
Where Fr is the actusl Froude number of the flow and Fr-n
the Proude number corresponding to neutral stability . X is
defined as the ratio of the area of the roughness elements

perpendicular to the flow to the area of the bed,

It may be noticed that the equations are of a
different form from the ones given by Koloseus(13); further, at
higher concentrations, log K'S/h would not show the same linear
relation with log A =~ which is implied in the above form of
equations - as at lower concentrationsg. In fict, plots by
Rouse (35) indicate a linear relation between log K' . /h and
log A only upto P 0.15 . Thus, one would expect a

change im Egqs, (2.16) and (2.17) at higher concentrations.

O'Lougilin and Macdonald (24), 1964, performed experi-

ments in an open channel to Study the effect of roughness

concentration uand type of pattern on the resistance coefficient.

Uniform sand grains .nd cubcs were used as . the roughness elements
.

Their results indicate that the shape of the roughness element

and the arrangement pattern are not very important at low concen—

trations, but'“ﬁw;.'.:ﬁ:twgcc toelficlert 1a Siznifiecankly
&XTeeted by trese at coneencrytiong above Q.10. Also i the case

cf the clogely pucked sand graing (X wis (.64),the eguivalont

8and srain diaveler was abvout 1,5 tines the dizneter of the

sandgrains,’While Nikuradee's value was equal to the sandgrain
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diameter., Further, the transition function followed a similar
variation as the Colebrook-White function for commercial pipes,
rather than thuat for the uniform-sand-roughness, thus raising
doubts about the equivalent sandzrain concept, _Their studies
also indicate departure from the linear relation between 1//f

and loglOD/h at values of D 'less than 3,0 as shown in Fig.,2,7 .
i)

Adachi (3), 1962, carried out studies in an open channel
with roughness elements of 5 mm x 5 mm x 6 mm on the bed, Using
the resistance relation,

= 5,75 log D/KS + 6,00 Feivon nr ek iRalE

<
*|<I

be studied the variation of Ks/h with the relative flow deptn.

The final empirical relation based on the above variation was

checked using U,S.W,E.S, data.

Adaghi (2) , 1964. made an experimental investigation

L apei. 98 sl Plow wish Sun'e 17 28t s eEmin rouzhrzgsg-
“ Hho ped O the sizMel, He colicet=d data on the veloe

il e R

‘oity distribution, rcsistance ond “he preveure L igtribu -

tion around the roughness elenent at various spacings. The

velocity profiles over the element and midway between the element s

were different for large spacinzs, but tended to coalesce at L/h
less than ar equal to 10.0 (vide Pig, 2.8). Thus Adachi
supposed that wake~-interfercnce flow would exist at L/h less
than 10,0,

Based on the measured drag coefficients at various
8pacings und the estimated sheltering effects at these Spacings,
he clussified the roughness pattern with L/h less than 8,0 as
'groove roughness' and those with L/h greater than 8.0, as

s - : o :
¥idge roughness ', ™ both cases, Ks was computed using the

e



logarithmic resistance equation with X equal to 0.4 and Ks/h
was related to the parameter Rb/h in the case of ridge roughness;
Separate relation was obtained for the groove roughness, ltere

B

a
Rb' is the hydrauvlic radius with resoect to the bed,

Herbich and Shulits (11) 1964, experimented with

large cubical roughnesses «t small depths so thut the boundary
layer effcets were inappreciable., The study was carricd out with
the intention of providing useful infoymation for the flow in
boulder streams, Their studics indicated that the orientation ang
the shape of the roughness element is not very important and the
resistance coefficient is governed primurily by the concentration
of roughness elements, Bused on experimental data, they develop-
c¢d dimensional curves relating dischurge to the roughness concen-

tration, depth and sliope,

Rouse (35) 1965, presented a critical study of the
present state of knowledge of the resistance of rigid-bed open
channels, From studies made at Iowa, he presented the variation
of Ks/h with the roughness concentration for a variety of shapes
and arrangements. e also reported Roberson's. experiments on
measurement of’ drag on a single element kept on the floor of 2
wind tunnel, However, as reported by Rouse, the resistance in
the flume at low concentr.tions was different from that obtained
by computing the form resistance based on wind tunnel easurenents
and adding it to the skin friction of the plane boundary. But
O'Loughlin (23) emphasised the inapplicability of a single law
for the velocity distribution very close to the wall and in the

outer rezion and cewtended thut the use of such a simplified l.w
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may be the reason for the departure between the computed and

the observed resistance,

Sunmary

‘The above review of the existing work in the field

brings out some points on which there is no general agreement or

information is lacking, They are

a)

Velocity distribution with roughness elements on the
bed:~ The available data on velocity distribution
indicate in some cases a break in the velocity profile,
as pwinted out by Morris (17), This would mean that
different velocity distribution laws could be expectecd
close to the wall and away from the wall as emphasised
by O'Laughlin (23) . Further, the velocity distributio:
over the roughness element and that between the rough-
ness elements are different at some roughness concen-
trations (2). Thus, it seems that the velocity profiles
are not completely similar, i.,e. definition of an
average velocity distribution law over the whole length
and depth may be difficult. Also, as found by Sayre
and Albertson (37), the value of K found from velocity
profiles could be quite different from that obtained
through a plot of V/V* and D/h, at some concentra~
tions, Thus, any analyéis of the problem of resistance
of artificial roughness elements, which requires a
knowledge of the velocity distribution would necessari-
1y be approximate.

Value of Karmen's coefficient K' :— The value of 'K!
obtained from plots of V/V* versus D/n ranges from

0,38 (Sayre-Albertson) to an extreme value of 0,49
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(Robinson—Albertson), while a value of 0,40 for 'K! has
been accepted normally in case of pipes (38). This large
Vvariation cannot be attributed to variations in the rough-
ness concentrgtion, since most investigators have covered
approximately the Same range of concentration and ob-
tained the same value of K! for all concentrations used
by them. However, since £ ia defined as Ky for small
distances 'y' from the wall (¢ being the mixing length)
One might expect 'K' to vary with the shape and concent-
rations of roughness elements,

An interesting deviation from the above mode of anaglysis
in which an average value of 'K! was found by plotting
V/Vy against log D/h, is that of Adachi (2); he treated
K as constant at 0,4 and studied the varlatlon of K for
any pattern with the flow depth. Though the first
8pproach is desirable from the point of view that K
becomes a function of only the roughness pattern and
geometry, there is np definite indication about either
the constancy or otherwige of 'KS' or 'K' and the

second method appears equally acceptable,

Choice of datum : There appears to be no general
agreement concerning the datum for depth measurement

in a channel with artifiecigl roughness elerbnts :n the
bed, While Igﬁﬂls and Johnson have used the crest of

the elenent as the datum, bayre—Albertson,Powell and
others have used the flume bottom as the datum,

Adachi, ang 0'Loughlin and’ Macdonald have uged

& datun'changing with the roughness concentration,
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Apart from the qualitativé acceptance that the

duatum should be the flume bottom at large spacings
and should be at the crest of the roughness elecents
at wery small spacinzs, no effort his been made to
locate the datum suitably at all spuacings for differert
types of roughnesses. 4is pointed out by Morris,
selecting the dutum to obtuin a logarithmic fit for
velocity distribution over the whole depth may not be
Justifiable,

Individual resistances : Apart from the works of
Ada~hi and Roberson, therc does not appear to be any

effort made at measuring the individual resistances,
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CHAPTER - III

ANALYTICAL CONSIDERATIONS

5.1 Preliminary Remarks

With the results of the previous investigations as a
guide, some of the fundamental aspects of the problem are consid-
ered in this Ghapter., The problem, as posed for investigation,
requires two different aspects of study. PFirstly, the average
resistance of a roughness element placed on the boundary at
various spacings- upto a spacing of infinity, which forms the
limiting case of a Single element - needs to be determined,
Secondly, an estimate is to be made of the skin friction on the

plane boundary between the roughness elements.

It is known that a body placed in g flowing fluid
experiences a force in the direction of flow, usually termed "Drag’
The total drag force exerted on the body at high Reynolds number
can be split up into (a) frictional drag and (b) form drag. The
frictional drag is the component in the flow direction of the
tangential force due to the velocity gradient near the boundary
and is proportional to the viscosity of the fluid, The form draz
is the result of Separation of flow which occurs in the case of
bluff bodies even at moderate . Reynolds numbers; as a consequence
G Separation, the pressure at the rear of the body is less than

the pressure at the front and the difference of pressure is equal

to the form drag,

For a sharp-edged vertical plate kept in a fluid at

Reynolds number €xceeding 40proximately 103 s the entire drag is
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the form drag., However, no theoretical method is available to
estimate the form drag on a sharp-edged plate placed normal to a
plane boundary at different spacings. As such, recourse has to
be taken to experimental techriiques to determine the form drag or
the resistance of the roughness element described above, Further,
the estimation of the frictional resistance on the plane bounda-
ry between the elements by theoretical methods would be complica-
ted and would require simplifying assumptions, the validity of
which woild be questionable. Therefore, the problem will be
approached in the following way: Wind tunnel studies for the
required arrangement of roughnesc elements (including the case of
a single element in the boundary layer) will be made to obtain
the form drag on the roughness elements, The total resistance
for any given roughness pattern on a plane boundary shall be
obtained by open channel studies. A comparison of the two resis-
tances would indicate the magnitude of the skin friction on the

plane boundary.

The eXperimental programme for obtaining data on the
above aspects of the problem has to be planned keeping the

following points in ming
3.2.1 Blockage Effect :

Most of the wind tumnel studies relatéd to drag on
bodies held in midstream have been conducted in streams which
are very large in comparison to the size of the body and thus the
stream could be treated as infinite . But, if tests afe perfor-
med in a stream which is finite in size as compared to the size

of the model, the results mvust be corrected in order %5 eliminate
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the effect of boundary proximity on the drag coefficient.

When one compares the flow pattern past a body in
an infinite stream with that past a body in a small wind tunnel,
the following difference is obvious; the ceiling and the floor
of the tunnel form limiting streamlines which are different in
shape from those obtained at their location if the stream were
infinite. The restraint exercised by the tunnel boundaries
would also change the flow pattern close to the body from that
in the infinite case., Tt is known that the drag force on the
body is affected chiefly by the flow pattern close to the body,
The change in flow pattern caused by the proximity of the tunnel
boundaries, produces an acceleration of flow close to the body,
which is more than that in the infinite case. Consequently, it
has been feund that there is an increase in the drag coefficient
in the case of a body in a small wind tunnel and this value would
not represent that for the infinite case, This is called the

'blockage effect' and values of @. obtained by studies in small

D
wind tunnels need to be corrected for this effect,

Methods of correcting for the blockage effect have
been suggested by Pope (27), but it was found (30) that they could
not be applied successfully to triangular elements. It is thus
doubtful that the above corrections could be applied with con-
fidence for various body shapes and at large blockage values.

The correction proposed by Maskell (14) has been based on studies
on bluff bodies kept in midstream, without a tailplate, It needs
to ve checked whether the correction is valid for the case of
elements in midstream provided with a tailplate or those placed

in a boundary layer. Further, most problems in hydraulics require
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the estimation of drag force in finite streams; hence an effort
will be made to obtain the drag woefficient at various contra-
ction ratios for elements in midstream provided with a tailplate
and then extrapolate it to the case of zero-contraction or the
infinite case, This relation between the drag coefficient and the
contraction ratio will be used to eliminate the effect of proxi-
mity of tunnel ceiling in case of a single element placed in a
boundary layer, For elements in series placed on the boundary,iio
effort will be made to approach the infinite case, as the interest
in this part of the study is mainly in open channel flows with

finite contraction ratios.

5.2.2 Wave Resistance and Skin Friction in Open Channel

Experiments with Roughness Elements :

Wave Resistance:The tot.ul resictance to flow inm open channel with

artificial roughhess elements on the bed is the sum of the
effective frictional resistance on the plane boundary, the form
resistance of the roughness elements and the resistance due to
water surface waves. In a closed conduit like the wind tunnel,
the third type of resistance is absent and the energy loss is
only due to the first two types of resistances., It is well
known(29) that the wave resistance in an open channel is a
function of the Froude rumber of the flow. However, in an open
channel with cubical roughnesses at various concentrations,
Proude number is shown (13) to have no effect on the total resis~
tance when the Froude number is less than 1.6, approximately.
This indicates , therefore, that the wave resistance forms an
insignificant component of the total registance in the flow over

artificial roughness elements at low Froude numbers, Since the
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flume experiments for this investigation were conducted at
Froude number.less than about 0.4, one can assume with fustifi-
cation that the wave resistance forms an insignificant part af

the total resistance in these runs.,

Skin Friction of the Plane Boundary :~ g4 separate the form

resistance from the total resistance in the flume runs, there-
fore, one has to mare either analytical estimations or reason—
able assumptions of the skin friction of the plane boundary
between the roughness elements; the latter course has been
adopted in this study,

Sayre and Albertson (37) estimated the form Tesis—
tance of the roughness elements used by them on the assumption
¢f a uniform plane boundary friction along the length and a
constant value of Manning's 'n' . Their analysis revealed
that the form resistance is approximately 92 percent to 98 percer -
cf the total resistance af most spacings, while at the lowest
foughness concentration used by them, the form resistance.was
§6 percent of the total resistance. One might probably expect
the percentage of form resistance to be higher'in the case of
continuous . (two dimensional) roughness' elements used Xin ¢his

study,

However, it must be empnasised that the assumption
of a uniform skin friction on the plane boundary is a simolifying
one. It is well known (26) that the friction would be negative
on the bqunddry within the standing eddy, while positive frictionm
would be experienced by the flow beyond the standing eddy., In
the flow past a single two-dimensional element kept in a boundary

layer, Plate (26) found that the positive and negative parts of
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skin friction cancel out over a distance of 35 h downstream of
the element. However, no such results are available in the case

of roughness elements kept in series at various spacings.

In the present investigation, the maximum value of
L/h used is 40, at which the percentaze (out of the total re-
sistance) of skin friction on the plane boundary would be higher
than at other (smaller) specings, But, even at this spacing,
on the basis of the results of Plate (26) and Sayre and Albertson
(37) , one may assume the contribution of the plane boundary
friction to the total resistance to be insignificant. Obviously
at smaller spicinss, this assumrtion would involve negligible
ETToE,

Thercfore, the [lume data can be analysed on the

4 -

assumption that wave resistance and the plane boundary friction
are negligible and that the total resistance is equal to ths
form resistance of the roughness elements.

34R«0 Reynolds Number Effects :
coefficient
The total registance /of a4 plane boundary with artifi-
cial roughness elsments on it, is, 1in general, dependent on the
Reynolds number and the roughncss geometry, However, the form
resistance/cf snagéuudge; roveghness elements is known (36) to be
independent c¢f the Reynolds number at Uoh/)) > 105, approximately,

| P |
uile

d wlch/assumption that the plane boundary resis-

©

This fact, coupl
tance is neglisible, leads one to the conclusion that the resis-

tance cocificient ir independent of the Reynolds number Uoh/ﬂ §
&

provided the value is larger than 10 . Thus any difference in

the Reynolds numbers in the flume and tunnel for a particular
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roughness pattern is, therefore, immaterial =~ provided the
value is more than 103 - so far as comparison of their resistence

characteristics is concerned,

3.2.4 Choice of Velocity
The drag force 'Fd' on a body of area, A, immersed in

a fluid, is expressed (38) in the form ;

™ A D 2
.ﬂd = CDA:\ V/z l.llll...'.(3°1>

where v i1s a characteristic velocity.

Thus, the value of Gy computed from measured drag force is
dependent on the velocity which is chosen as characteristic,
'Drag coefficients of bodies completely immersed in a fluid havc
been invariably defined using the free-stream velocity. In tlLe
case of roughness elements placed on the boundaries of a conduit.
Morris (17) has used the velocity at the crest level of the
roughness element (without the presence of the element) and the
values of GD found for elements placed at the middle of streams
of infinite extent to compute the resistance of the roughness

element, However, because of the uncertainties associated wilh

a
2

the prediction of velocity distributﬁon in the flow over r:iughne
elements, the use of this characteristié velocity may not be vor:r
desirable . In the case of two-dimensional elements placed on a
plane boundary (including the case of normal plate in midstream)
in the wind tunnel, the average velocity obtained by integration
of the velocity distribution curve, over the whole depth at the
centre line of width, V , is used in this investigation in
preference to the free-stream velocity. Apart from the fact +thas

this would take into account the velocity distribution in the
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approach boundary layers on the floor and ceiling of the wind
tunnel, the use of this velocity would make the comparison of

the flume and wind tunnel data easier,

The pressure distribution around the element on the
centre line of width and the average vélocity over the vertical
centre line were measured in the tunnel; in the flume runs, the
average velocity over the cross section’ v . and the effective
sum of the form resistance of the strip and the skin friction of
the plane boundary, were measured, It has been shown in Chapter VI

that this procedure enables an easy comparison of the resistances

measured in the flume and in the tunnel,

5.2.5 Tunnel Length Required to Achieve Quasi-Uniform Flow
Conditions :

It was surmised by Sayre and Albertson (37) that wind
tunnel studies to evaluate'the form resistance of a glven rough-
ness pattern studied in an open channel may be impracticable in
view of the large length of tuanel required to achieve flow
conditions similar to that in the flume. Since such a compa-
rison is envisaged in this investigation, some aspects concerning
the nature of flow over the roughness elements need to be studied

before the comparison is attempted,

The flow in the case of an open channel with a smooth
or rough boundary with small-sigzed roughness elements on the bed
is taken to be established fully when the boundary layer meets the
free surface. But very little information is available about the
nature of the velocity distribution in open channels with large

8ized roughness elements, so that no accurate estimate can be mad.
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established and uniform, The available data on the velocity
distribution for open channel flow with large roughness elements
(2,17) indicate considerable departure from the classic boundary
layer velocity distribution; thus, extension of the results for
the flow in open channels with smooth or rough boundaries with
small-sized roughness elements to the present case is difficult.
Hence an effort has been made to obtain quasi-uniform flow con-
ditions in the tunnel, which indicate considerable similarity

with the flow conditions obtained in the flunme.

Firstly, an overlapping range of D/h  in flume and
tunnel runs is used to pecrmit comparison with confidence, The
variation of resistance and flow vattern in the initial length
of the tunnel has also been studied to check whether quasi~uniform
conditions are obtained at all in the tunnel, Also, the nature
of the velocity profiles in the tunnel and the flume are examincd

to establish a similarity of flow pattern,

3.3 Dimensional Analysis :

As has been mentioned in the previous sections of the
Chapter, a completely theoretical approach to the problem under
investigation is not possible at the present state of knowledgé.
To facilitate a rational analysis of the exXperimental data, a di-
mensional analysis of the problem has been carried out in this
section;

a) Resistance of a Single Element Placed on the Boundary :

The force F on a unit length of a two-dimensional
normal plate kept on a boundary can be expressed by the following

functional relationship ;
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F o= # (D,V,8,8, ) S0k o v e s lSeE)
where }& = Dynamic viscosity of the fluid.
This equation can be written in terms of dimensionless parameters

by choosing V, h and »g as repeating variables,

; F

l.e.fivg/ﬁﬁ = £, (D/h, &/, Vhi’/fL i s ratsig)
2

t.e. Op = £, (D/n, &/n, vn?/TL ) - wian 3 B

But the drag coefficient»of a sharp-edged e¢lement held in unifornm
Tlow regidn is independent of the Reynolds number at values of
Reynolds number above 103, approximately (36), However, little
information is available concerning the variation of CD with
Vhf,ﬁ{ for elements placed in the boundary layer ., Consider-
ing only the case of a turbulent boundary layer, if it is assumed
that viscous effects are taken into account by the parameter
8/, Mm@ /f"' may be omitted as insignificant and the above

equation written as

Cp = ¢4(D/h O ) PRl ST (3:5)

It may be noticed that in the case of an element placed on a
boundary in a stream of infinite extent,

CD = ,@5(6/}1) .o.onool(3u6>
Also for elements held in a resgion of zero velocity gradient, but
with a tailplate,

Cp = @, (D/n) A N (3.7)

It may be mentioned that the value of 6 used throughout

this investigation is the boundary layer thickness obtained at

the element section before placing the element . Also the depth,
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D, was always measured from the flume bottom or the tunnel floor
as the case'may bé,

The functional relationships in equations (3,6)

and (3.7) need to be determined by experimental methods,

b) Registance of Elements in Series Placed on a Boundary :-

The average shear stress ! To ' on the bed of a wide

open chamnel with roughness elements on it can be written as

Lgu e vl

o (h,L,D, "’ Q ’ I"(- 9 Arf A1 | mom e i St

i : 2

where AT is the difference in specific weights of flowing

i
fluid and the fluid above it.

Choosging , V, D and § as repeating variables, the above equatiou

‘becomes ;

12 -4 _
é%;?—_ = ¢8 (b/D, L/D, DX /P,; V/ BEP W, )
i hop e AL BES
i.e. % - ;259 (DM, L/h, vD/;/- ; v Vighaes vy L EaBt)

/&Y

blnCe, V* :/ '(' .ooc-o-l(zlll)
0 X

and ATy - S
<= & cereenn(3012)

A4S mentioned earlier, Froude number may be left esut from the
analysis in the range of Froude numbers for which the experiments
are planned, PFurther, based on the supposition that the skin
friction of the plane boundary forms an insignificant part of

the total resistance and also noting that the form resistance of
sharp-edged roughress elements is independent of the Reynolds

number at large values of Reynolds number, equation (3,10) ean



be written as ;

v ' 7
s + B15 (B/h, L/h) NE RS

11

Considering the flow past a series of roughness elements
on the floor of the tunnel, the drag force,F, per unit length of

The element may be written as

F o ﬂll (Tl & ra ) e ol gl 1 4)
which reduces to
S £, (D/b, L/, Vn$ Mo ) eeeenn(8019)

On the basis of the arguments presented earlier Vhf/},L
mey be omitted from the analysis and the equation (3,15) becomes

Ch = #,5 (D/h, L/n ) ISR PR [ . 8

3.4 Concluding Remarks

An analytical study of the problem posed for investiga-
tion reveals that it is not possible to solve it by a completely
theoretical method and the problem requires an experimental stugy.
In the range of variables contemplated dufing experimentation,
the assumption of negligible wave resistance and skin friction
on the plane boundary in case of open channels with artificigl
roughness elements, appears logical and justified by data from
bPrevious studies. The assumption that the form resistance of the
roughness element is independent of the Reynolds number in the
range of variables likely to be encountered, also seems to.be
Justifiable... Equations (3.13) and (3.16) which are based on the

above premises serve as a basis for the analysis of experimental
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data on a serics of roughnesses. Experimental data concerning
the resistance of a single element can be analysed on the basis

of equations (3.6) and (3.7).

e
(@]
]
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CHaPTER - IV

EXPEA IMENTAL EQUIPMENT AND PROCEDUKE

4,1 Prelimin.ry Remurks :

The experimcntal work for this investigation was carried
out in the Hydraulics Laboratory of the University of Roorkee.,
The work wus planned and carried out in such a way as to provide
detailed information on mean flow pattirns and pressure distribu-

on
tion on single elements, a8 well as/clements in series kept on a
plare boundary, The experimental work comprised of three parts,

namely, studies in a flume with water, studies in a 32.4 om x

(V5]

2.4 cm ooen circuit wind tunnel and lastly those in a 81 cm x 114
cm closed circuit windg tunnel, The details of the above equipmers,
their calibration and the experimental procedure adopted, are

described in this Chapter .

4,2 Open Channel Investigations :

Squipment :- The open chunnel experiments were conducted
in a 47.2 cm wide, 60 cm deep and 11 metres long tilting flume,
in which water was re-circulated through an overhead tank arrange -
ment, (Vide Fig, 4,1). The flume wus provided with glass side
walls and a wooden false bobstom which was levelled carefully,
A% the entrance to the flume, a honey-comb wall of small-sized
bricks was constructed to reduce the disturbance in the approachin
flow. Flow straighteners in the form of a number of vertical
metallic plates about 20 cms long were placed just downstream of
the baffle to yield flow which was esgentially parallel to the
side walls. A movable earriage with a point gauge (the point

gauge arrangement had a least count of 0,01 cm) was mounted on
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brass rails at the top of the flume. The brass rail was maintain~

¢d parallel to the bed., An adjustable gate at the downstream end
of the flume cnabled adjustment of the depth of flow in the
flume,

®

Por the meusurement of discharge, a rectangular sharp-
crested weir was installed in a settling tank downstream of the
flume, The weir was first calibratcd volumetrically over the
entire rungze of discharges for which studies were intended. The
velocity distribution in the flume during a run was measured by
a calibrated Prandtl tube and an inclined manometer. The aver-

age value of Manning's 'n' for the bed without roughness element s

was found to be 0.0135 approximately.

The roughness elements used were angle iron strips of
negligible thickness, which werc formed out of galvanised iron
sheets and could be nailed to the flume bottom, Two different
heights of clement, viz 2 cm and 4 cm, were used in this part of
the study and in all cases, the elements spanned over the entire
width of the flume; the eleuents were not fixed on the sidewalls,
Two different types of roughness pattcrns were formed using these
elements.

a) Elements of a particular height were placed at regular

intervals on the flume bottom,

b) 4 cm elcments were placed at a spacing' of 80 cms on
the flume bottom; at a certain fixed distance down-
stream of each of these elements, another reughness
element (usually of 2 cm height) was placed to form
a second series of roughness elements on the bed.

The relative position of the second set of elements
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with respect to the first was varied, The above procedure was
also followed in the case of 4 cm elcments placed at a spacing

of 160 cnms,

Table 4,1 sumnariscs the details of the various

roughness puatterng used in this part of the study,

Experimental Procedure :

e n ——

The experimental work was carried out

4

at two different slopes, namely 7.5 x 10”4 and 2.875 x 107°, Thes
Slopes were given to the rails with the help of a Surveyor's leve!
and point gauge, OStudies on all the roughness patterns were

first conducted at one slope and then the slope changed and

studies repeated for all the roughness patterns at this slope.

The following procedure was employed in experimentation,

After adjusting or checking the slope,as the case may
be, the required roughness pattern was placed on the flume botton
A certain discharge was then allowed into the flume and uniform
flow established by adjusting the tailgate, It was found that
the initial three metres and the last metre length of the flumc
were affected slightly by the disturbances at the entry and
backwater effect; hence only the other 7 metre length of the flun
was used for checking uniform flow and also measurement of depth.
Further, the discharge was so adjusted thot uniform flow was
obtained at approximately the pre-determined depth, Three to
four different depths of flow in the range from 10 cms to 33 cms
were used Tor each roughness pattern at a particular slope,
Also, for most rung, after establishment of uniform flow, centre
line velocity profiles were taken at two or three typical sections

in the latter half oi the length of the flume, The average depth
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of flow, the dischuarge and the temperature of water were noted
for each run., The experiments were repeated for other roughness
patterns on the same slope and then at a second slope for all
the roughness patterns.

4,3 Open~Circuit Wind Tunnel Studies :

Instruments : The open~circuit tunnel in which the

measurement of pressure distribution around the roughness
elements was carried out (See Fig. 4.2) had a test section 31.8
cm X 31,8 cm 4t the upstream end, inecreasing to 33 cm x 33 cm

at the downstream end of its 2,75 metre length., The top and
bottom of the test section were built out of wood and the sides
out of perspexr sheet. A separation -free entrance 1,22 metres
in length was provided upstream of the test section., The area
of the inlet of the entrance cone was 9 times that of the test
seckidon and a grid desizned on the basis of Baines-Peterson's
analysis (5) was provided at the inlet to control the turbulence
intensity in the test section, However, because of lack2§%stru—
ments, the intensity of turbulence was not measured. A sand-
baper roughness strip was providsd on the floor of the tunnel at
the entrance to the test sectiou to ensure a turbulent boundary

layer along the floor of the tumnel for its whole length,

The diffuser downstrcam of the test section was
0.915 metrc long, square in cross section and the area of the
exit end of the diffuser was 2.3 times that of the test section,
A suction fan was nlaced in a straisht uniform duct downstream or
the diffuser to suck the air into the test section and discharze
it back to the atmosphere, The fan was connected to a dimmerstat

and a voltaze stabiliser for controlling the speed. The maximum
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velocity of air in the test section without any roughness element

in it was about 13 metres per second.

A calibrated Prandtl tube (outer diameter = 0,30 cm)
and & total hecad tube (outer diameter = 0,07 em), whierh sould be
moved along the centre line of the test section were used for
the measurement of point velocities in the tunnel, An inelined
manemeter of adjustable inclination with methyl alcohol as the
indicating fluid was used for pressure measurements, The mano-
meter had twenty tubes taking off from a tank of large capacity,
SO that comnecctions could be made simultanecusly to a large numbe:
of pressure tappings. A vernier scule with a movable hair and
mirror arrangement- which enabled elimination of parallax error -
and which could read upto 0.0l em of ligquid 1long the inclined
length was fitted into this manometer, A guadrantal ring graduated
from 0° to 90° was fitted to the manometer angd was used to
determine the inelination of the manometecr; Preliminary checks
on the inelination by other methods indicated the above method

to be accurate (Photograph 1 shows the manometer),

The average velocity of flow along the vertical centre
line of width was obtained by noting the difference of Pressure
between two fixed points in the entrance cone; this difference
of pressure was calibrated against the above velocity by running

velocity traverses at various sections along the length,

The roughness elements used were made of wood and
Spanned the entire width of the tunnel, Most of the elements
used were about 0.3 cm thick with a sharp bevelled edge 4t the
top. Use of this type of roughness element necessarily meant

that the pressure tubings would cause some obstruction to the flow.
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To check the degree of disturbance caused by these, a few box-
type roughness elements (with pressure tubings hidden inside)
with a sharp bevelled edge at the top were also tested. These
were assumed to represent sharp-edged elements of negligible
thickness and the results of drag measured on these were compared.
with those on the elements mentioned earlier; it was found thutt
the differences were very small and insignificant., It may be
ment ioned that measurements made on an angle iron strip also

gave essentlially the same drag u4s on the otherﬁtrips under the
Same conditions. Hence, the wooden strips of 0,3 em thickness
were used in a majority of cases, though a few runs - particularly
any of those with roughnees elements in midstream - were conducted
with the box-type roughness elements, The height of roughness
e¢lements used in this tunnel varied from 1 cm to S 'apm. --In all
cases, copper tubes of inside diumeter 0.15 cm spaced at
approximately 0.4 to 0.5 cm were provided on both faces of the
roughness element for pressure measurement, The pressure holes
were staggered along the width, but they were placed very close
to the centre line, so that they were well within the central
core, where there was no transverse velocity gradient, Connec-—
tions from the pressure points to the manometer were made through

plastic tubes,

Flow Characteristics : Velocity profiles taken across

-

the width at a secction approximately midway in the length of
test section, as well as visual observation of the flow with the
help of thin threads suspended into the flow indicated the flow
to be straight and symmetrical, Also, one run in which the

pressures were measured on the centre line of & roughness element



4 &
and some distance away from the centre line but within the oeé%éil
core, showed no appreciable difference between the two. Thus,
the staggered pressure holes could be expected to give the pressure

digtribution on the centre line of the rouzhness.,
o

A number of measurements were made for the variation
of static pressure in the tumel for flow wibhout any roughness
elements., The data collected during the measurement of boundary
layer thickness, calibration of the velocity gauge in the entrance
cone were also analysed alohg with the above measurements,
Fig, 4,3 shows the plot of the dimensionless static pressure
versus x (distance from the upstream end of the test section)
with all the data plotted. It was seen that the effect of vari-
ation of velocity was insignificant and thus an average line has
been drawn., This shows that the pressure is approximately constant
in the initial 1.50 uetres, but beyond this there is a gradual
reduction, until at the downstream end of the test section the
pressure is approximately 5 percent less than that at the upstrean
end. However, it was assumed that this small Pressure gradient
would not have a marked influsnce on the results and no efforts

were made to coriect for this pressure gradient.

Velocity profiles in the vertical were taken with the
help of the total head tubc and the Prandtl tube at various
stations along the length of the tunnel to determine the boundary
layer growth along the floor of the tunnel. The range of velociti.:
at which the measurements were made was from 6.80 n/s to 12.5
m/s. (It may be mentioned, however, that with roughness ele-
ments in the tunnel, the maxinum velocity was only abaut 10 to
11 m/s). Fig., 4.4 shows a typical velocity profile in the verti-

cal in the tunnel and Fig. 4.5 shows the variation of & the



boundary layer thickness on the floo@ with %, It may bgﬁotioed
thut the variation of & with velocity, for a given value of x,
is small ang not consistent, Further, the boundary layer thiclk-
ness computed with the equation

Q. 377
7 1/5 » Using the beginning of the test Section
(UOX/]J )

as origin, is Slightly larger than the observed thicknesses ,

It 1ig Supposed that thig difference is g result of the presence
of the small Pressure gradient, since the above equation is valig
in the case of Ze€ro pressure gradient. Despite the slight scatter
of points on Fig. 4.5, an average line showing the variation of

8 with x in the range of velocities used has been drawn,

Using the valyes of & given by this line, Fiz, 4.8 has been
DPrepared to study the velocity digtribution law in the boundary
layer in the tunnel, The daty indicate that u/UO & (y/é) b
while velocity distribution is Usually expected to follow the
1/7th power law at these Reynolds numbers, (Here u is the
velocity at a height ¥ Zfrom the floor), However, data at Small
values of y/§ indicate deviation from the proposed law, as can

be seen on Fig. 4.8,

Experiments on Single Element Kept in Midstream : Experiments

were carried out to Study the variation of Cp with D/h for the
case of §/h equal to O in t he following way, an aluminium plate
0.6 cm thick, but cliamfered tq give a line contact with the
normal plate was pPlaced behing g normal plate kept at the migdle
of depth of the tunnel, The normal plate was placed at about g

metre from the upstream end and the length of the tailplate was
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kept at 10 times the total height of the normal plate, as sugges-

c.

ted by Arie and Rouse (4). Fig, 4,7 and Photograph 2 show the
placement of the element in midstream), It may be seen that

this arrangement represents the case of a normal plate kept on

8 plane boundary, but at zero thickness of boundary layer. The
procedure for measurement was as follows : After steady flow
conditions were €stablighed, the pressures around the normal platec
were read on the manometer and the average flow velocity obtai-
ned by pressure Measurement at the two points in the entrance
ctone, as mentioned earlier, The ambient pressure was measured

by a Prandtl tube held fairly well upstream of the plate, In the
initial runs, the pressure distribution around both the top and
bottom half of the normal plate was measured and these indicated
a symmetry about the centre line . Hence, in later runs, the
measurements were made on either the top half or bottom half only.
The measurements on each height of plate were made at three to
four air velocities, the variation of velocity being effected
through the dimmerstat, Tthe temperature of air was noted in

all cases,

Experiments on Single Element Plsced i1na Boundary Layer : To

study the effect of submergence of the element in a boundary
layer, the roughness elements were fixed on the wooden floor of
the tunnel (which served as the plane bounddary, in all cases),
berpendicular to the direction of flow, Elements of height rang-
ing from 1 cm %o 4 em were placed at various sections along the
length of the tummnel to get the maximum possgible rangeof §/h ;

the range of §/h used in these Studies is from 0,195 to 4,35,
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The pressure distribution around the element, the average velo~
city etc., were measured as described in the former case, For
each position of any element, the measurements were made at

three to four different veloclities,

Experiments with Elements of one Height Kept in Series on a

—

Boundary :~ 1pe form resistance of a roughness element when
kept in series on z plane boundary was studied by placing rough-
ness elements of a purticular height on the tunnel floor at
various spacings. Three different heights of elements and a
number of spacings were used, The first element was kept at
aporoximately 25 cm from the unstream end of the test section
in all cases, Por the roughness element of ke izht 4 cm., the
Pressure distributiosn around all the elements in the series were
measured at spacings of 20, 30, 40 and 60 cm . At a Spacing of
80 cm , only four elements could be placed on the tunmnel floor
and measurements were made on the central two only, From these
studies, the distance beyond which the draz coefficient of the
element attains an “pproximately constant value was found out by
analysis of the data ., For other heights of elements and other

Spacings, the pr

-1

ssSure medasurements were made only on the element

45

representative of a series of large number of elements, It may
however be mentioned that for ¢lements of 6 cm height, at the
largest spacing, the number of elements that could be placed in
the tunnel may not be adequate to obtain truly representative
conditions, The pressures were measured in this case on the last

but one element in the series.
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The pressure measurements were made at three or four
different velocities in all cases, Also, velocity profiles at
one or two sections - close to the element on which the pressures
were measurcd - were taken at one velocity for all Spacings with

roughness elcments of height 2 cm and 4 cm.

Experiments with Combination of Elements of Different Heights :

This phase of experimentution was conducted with a view to
Study the eflfect of placing 4 small roughness element downstream
of a larger one, on the drag coefficients of both the roughness
elements, Two series of tests were carried out in this phase:
a) A roughness element of 2 cm height was kept at various
distanccs downstream of an element of 4 cm height, both
being on the floor., The 4 cm element was kept at a
section whefg&he boundary layer thickness was 1.12 cm and
only the position of the 2 cm element was changed, The
bressure distribution around both the elements wag
measured at three different velocities.
b) 4 cm elements were kept in series on the floor at a
spacing of 80 cm and a series of 2 cm or 4 cm elements
&lso at a spacins of 80 cm were superposed on thisg at

differcnt locations, as shown in Pipe & B, Iv'both

-
i
et

185¢ serics ~ called the'primary'and the'secondary'
series for convenience - only & maximum of four elements
could pe placed in the length available. ﬂence, wi%hout
consideration to the attainment of a constant CD value,
the pressure measurcments were made on the last but one

element in the series, at three different velocities,
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4,4 Studies in Closed-Circuit Wind Tunnel :

For the cases of a normal plate in midstream (with a
tailplate), and a series of roughness elements of one height
placed on the floor, a few runs were conducted in a closed-dircuit
wind tunnel, The tunnel hod a uniform test seetion 81 cm deep,
114 cm wide and 3.05 m long. The floor and ceiling were built
out of wood, and perspex windows were provided on the sides.

The maximum velocity that could be obtained in the test section
without any roughness elements in it was 38,0 m/sec, The differ-
ence in pressurc between two points in the entrance cone was

1

calibrated against the average velocity along the vertical centre
line and this pressurc difference was used to calculate the
velocity diwring the runs subsequently., For the purpose of
calibration of the above set up, velocity profiles were taken with

a Prandtl tube at four average velocities, but only at one section

on the centre line of the tunnel.

Three different heights of plates were tested for their
drag coefficient, when placed in midstream (with a tailplate),
in the same manner as in the open-circuit tunnel studies. Also,
the drag coefficient of a represcntative clement in the dowynstream
part of the test section, was measured for the case of elements
of one height placed et various spacings on the floor, The height

of elements uscd was 3 cm.

Tubles 4,2 and 4,3 sumaarise the range of variables

in the data collected in the flume and the tunnels,
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TABLE 4,2

Range of Varisbles for Studies on Single Element

cm cm cm m/s
h D e} Vv
150 to 14,0 32.4 1o 81,0 O . to 4,85 6,80 to 85,0

TABLE - 4.3

Range of Variables for Studies on Elements of one

Height Kept in Series.

cm cn. cins m/s
v

b
=1
o

S x 10

£.,0 to 8,0 5.0 to 160.0 10.0 to 8.0 G IR B0 VY8 to

35.0° o gus
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CHAPTER - V

ANALYSIS OF DATA - I

RESISTANCE OF A SINGLE ELEMENT

5.1 Preliminary Remarks

The data collected concerning the pressure distribution
around & single element kept on a plane boundary are analysed in

this dhapter, The data for the case when &/h is equal to zero

have been anglysed first in order to evaluate the effect of

contraction of the stream on the drag coefficient., These

results have been used later to obtain the effect of the preseanc

of the boundary layer alone on the resistance, The data presen-

ted by Plate (26) have been used in the above analysis; the
analysis presented by him has been also critically examined in

this echapter,

5.2 Elements Held in Midstream (With a Tailplate):

The flow past a normal plate, with a symmetrical
tallplate, held in the centre of the tummel is a limiting case
of flow past a plate kept on a plane boundary - namely, with
zero thickness of the approach bounddry layer - as mentioned
earlier, For this type of flow and with a stream which is
infinite in extent in comparison to the plate height, the drag
coefficient ©f the plate has been found to be 1.38 (4). Thig
result is useful in the case of atmospheric flow over fences

and buildings - the height of obstacle being insignificant in

comparison to the flow depth - though the effect of the approach

boundary layer needs to be evaluated for a complete solution,
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However, the value of Cp found by Arie ang Rouse (4) is not
directly applicable to broblems in which the stream must
necessarily be treated as finite; flow over an isolated rough-
ness on a channel bottom, flow around spurs are examoles of this
catezory. The analysis in this Chapter is aimed at extending

the results of Arie and Rouse (4) to various contraction ratios,

Pressure Distribuﬁ}oﬂ : The pressures measured on the

two faces of a roughness element placed as described above indi-
cated that the pressure over the downgtream face was constant

for a given velocity , h and D, (For any particular set of the
above values, the pressure at any point on tihe downstream fauce
varied by less than 3 percent from the mean pressure on the
downstream face). Advantase is taken of this fact in plotting
the pressure digtribution diagrams for the normal plates; Fig.B5.1

shows a plot of y/h vs PuPg for two different heights of
Az
plates. Here Py 1s the constant pressure on the downstreanm

face and gu the pressure on the upstream face at a distance v

from the plane boundary (the tail plate), This manner of plott-

ci

ing was adopted to avoid the distortion that would be introduced

@

into the conventional form of pressure distribution diagram,

P~p

namely, o . vs y/h , due to the possible errors in
g‘vg/z

measurement of Dy the ambient pressure, Nevertheless, the
chargeteristics of the variation of upstream pressure are still
reflected in Fig., 5.1 , because the downstream pressure is
constant. It should be noticed that the average abcissa for

the plotted curves yields the form drag coefficient for the olatao,

Figure 5,1 shows that the drag coefficient varies with the para-
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meter h/D and also in the range of velocities studied (6.8
to 12.0 m/s), the pressure digtribution is independent of the
velocity. It may be supposed, therefore, that CD is independent

of Vh/y , provided the ratio h/D is kept constant.

" A study of the variation of the average pressures on
the upstream and downstream faces with change in h/D has been
made and the results shown in Fig, 5,2, Since, in some cases,
the value of P, could not be measured accurately, Fig. 4.3 was
used to determine P upstream of the element section. Using

o

. ) ; th 2 oif - “
this value of p » the value of p.-p /%3V2/2 was computed

for each velocity, for a given element, The variation of
iy d—p o
S v°/

orde® of 5 to 6 percent from a mean valuye) and insignificant;

with velocity, for any given element, was small (of the

thus an average value of Pa~P, was used for each v&al ue of

v

h/D , The average value of C for each vajue of h/D was found

D
by plotting pressure distribution diagrams in the form ofiFigefisl,
for

leach velocity., 4An average value of CD was used for each value
of /D , since the average value indicated variations less than
2 to 3 percent from the actual values at various velocities.

The value of T where Eu is the average pressure over

the hei:ht on the upstream face, was found as the difference
: d ]

between the above values of CD and PyP, .
¢ V% /p

so computed., for the data collected in the open-circuit tunnel

The pressures

have been plotted on F

ig. 5,2 . data collected in the closed-
circuit tunnel have not been used in thig figuwe, since the valu.

of D, Was not measured in this case, The plot indicates that the
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pressure on the downstream face decreases much faster than
that on the upstream face with increase in the value of h/D,

In fact, upto a value of h/D equal to 0.18, the value of Eg _pQ
remains spproximately congtant at the value of + 0,81 fo§£g24§

Arie and Rowe (4) for h/D equal to zero; on the other hand, the
value of PgPo decreases continually with increase in
¢ v/
h/D from a value of - 0,57 &t h/D equal to zero.
Drag Coefficient

a) Verification of Maskell's Equation : As mentioned in

section 2.2, according to Muskell, the blockage effect ocan be

corrected by Hg. 2.2 nanel;
J ’

C

D
Cy = 3
c

1+ ¢ 0 h/D
1
Since the value of € for the case of a two-dimensional normal

plate (without a tail plate) was found by Maskell to be 0.96

the same value was used in thz above equation to compute GD
¢
for normal plates provided with a tailplate. For the data

collected during the present investigation, CD was first
&
determined from the measured pressure distribution and the

values of CD computed from Eq, 2.2 using these values of OD 5
c 1
are showvn in the following Table.
It is seen from this table that CD increases (more
a

or lessj continually with incredse in h/D, If the above equation
with € equal to 0.96 were to hold good at all the blockage valucs

tested, Gy would have attained a constant value of 1.38,

c
given by Arie and Rouse (4) for the case when h/D equals zero.
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TABLE 5,1
Variation of Cy with h/D (€ = 0.96)
c
h/D GDl GDC
0,037 1,50 1,42
0,0617 1.56 1.43
0.065 1,665 .48
0, 1235 1.90 1,86
0.154 2,18 1. 68
0 474 2, R6 1,64
0,185 2,40 1.69
0.247 2,96 1.74

The fact that C increases with increase in h/D suggests

D
c

either that the actual value of € may be different from the

assumed value of 0,96, or £q.(2,2 )in its present form is

inadequate for large blockage values. To check the former, the
y g pd—po
value of € was computed from the value of oY e found by

Sve/2
Arie and Rouse (4) for the case of h/D equal to zero., The

value of € so computed was 1,755, Using this value of €

and Eq, {28 CD values were recomputed for all the data
e

and the results are shown in Table 5.2 .
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TABLE - 5,2

Variation of CDO with h/D (€ = 1.755)
h/D OD1 CDC
0,087 ek 1,57
0.0617 1,06 T
0.065 1.558 1,882
0.12356 1.80 1.35
0.154 208 bR g

e R A LS 1,34
0.185 2,40 1.35
O.247 2,96 1,30

It is seen from the above table thut for all runs, the value of
CD computed with € equal to 1,755 is close to the value of

c
1.38 given by arie and House for the infinite-stream case (4).

It may, thercfore, be concluded that Eq. (2.2) given by Muskell

€

(]

can be used to correct for blockage effect in the present ca
also, but with a v.lue of € equal to 1.755. An alternative

correction based on experimental dabta has also been suggested
in the following section.

b) Variation of p With h/D : The average abcissa on

e —— —

Fig, 5,1, as mentioned earlier, is the form drag coefficient of
the normal plate and in the case of these sharp-edged plates, it
becomes the total drag coefficient itself, As shown in Chapter
1II, the drag coefficient of the plate in this case should be

a function of h/D only. The value of O, which is an average c

D
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(b
the values obtained at different velocities, has been used in the
analysis, The results have been shown in Fig. 5,3, where log, C

055
has been plotted against log. . (1-h/D) , the latter parameter

210
being chosen to enable extrapolation to the case when h/D
equais zero, <The plotted points include data collected in the
open-circuit and closed-circuit tunnels during this study and
also that of Arie and Rouse (4)., It is seen from the plot that
extragpolation of the straight line, fitting the author's data
to the limit h/D equal to zero yields a value of Cp, identical
with that obtained by 4rie and Rouse (4) for a normal plate,
The equation of the line fitting all the points can, thereforé,

be expresscd as ;

-2.85
o, = 1.38 (1 - h/D) et |

s it
The nature of this variation between Cp and h/D

has been checked for plates of other inclinations(lohdmely,

45° ang 135° - and these results are also shown on Fig,.5,3.

It is seen from these that Eg., (5,1) can be written in the

form

2,85
(l = h/D) .......(5.2)

C. \
Do /LD

1!

Where C Drap coefficient for the plate of given

D

i inclination kept in an infinite stream i.e.

at h/D equal to zero,

Bquation 5,2 can probably be used for plates of all
inclinations for correcting the data collected in a small
tunnel for the blockage effect and also for predicting the
drag coefficient at any value of h/D from that ﬁeasured at a

particular value of h/D, The above equation has been obtained



on the basis of studies on two-dimensional sharp-edged plates

gk ] : : 0 LR S
of iuclination varying from 45" to 135 and of negligible

thickness; the modification or the application of this equation
for other body shapes and strips of finite thickness needs
further study.

SiﬂCBVFigS. 5.2 and 5.3 show that the average pressures
on t he upstream and downstream faces, as well as the drag
coefficient, are unique functions of h/D, one would expect a

pd_po

relation between OQ and the valuye of =—= . The re-

C T /2

lation obtained on the basis of measurements is shown in

Fig., 5,4, and it is seen that Cp increases linearly with

Pq

§v%/,

5,3 HLlements Placed in a Boungary Layer

: -D
decrease in E

The analysis presented in the previous paragraphs
pertaing to a limiting case - namely when & 1g zero - of the
general problem of resistance of an element kept in a boundary
layer., As shown by dimensional analysis, the drag coefficient
of a normal plate set on & plane boundary is a function of the
paramctars &/h and h/D. One would also expect that the pressurc
distribution around the element in the case of a plate held in
uniform flow and that in a boundury layer would be different,
Hence the pressur: distribution around the element was studied

first and the analysis is presented below.

Pressure Digtribution :-~ As in the case of plates held
in uniform flow region, the pressure over the downstream face

was constant along t

fun

=g
4
&

e ight in this case also for given values

of § h, D and V., As such, the pressure distribution has been
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plotted in the convenient form of {/h ve ;Eg_i__ for four®
v /2
S

different values of 8/h ranging from 0,195 to 2.18 in Fig. 5.5,
The‘characteristio shape of this diagram has been reported
earlier by Nagabhushanaiah (21) and Plate (26). The difference
in the nature of pressure distribution for plates in the bounda-
ry layer and for those in uniform flow is probably due to the
difference in the flow conditions obtained immediately upstrean
of the element, For a plate in a boundary layer a standing

eddy forms upstream of the element because of separation of the
boundary layer on the wall in frontof the element. However,

in case of a plate held in uniform flow region, the separa-
tion of flow takes place only at the sharp edges.. of the ele-
ment. Hence, the pressure distribution on the upstream face

may be expected to be different in the two cases and the differe-
nce in the shape of the pressure distribution diagrams may be
attributed to the above phenomenon, It was also found by a
study of all the pressure distribution diagrams that the maximunm

value of pgeceurs at 0.60 h to 0,65 h from the bottor

S
A
however, it was found by Plate (26) that this value occurs at

0.52 h to 0,62 h from the bottom., Further, the ratio of the

: . Py -p ] Py 7Pq
maximum velue of Y {g“_ to the average value of _*
(] >
§ve/2 ¢ v°/2
(which is equal to GD) did not show any systematic variation
with 8/h, It can also be noticed that _ ‘u P4 tends to
$VE/2

be approximately constant ever the neight at larger values of

6/,



Figure 5,5 shows data plotted at three different
velocities, 4s mentioned earlier, an avergge value of &, in this
range of velocities, was taken from Fig, 4.5 and used in the

e
analysis, The data on Fig., 5.5 at different velocities, for
a given value of &8/h and D/h, indicate that the pressure dis-
tribution is independent of the Reynolds number Vh/y) . One
may, therefore, suppose that the viscous influence 1is taken

into account by the parameter &/h and the effect of Reynolds
number, if any, is insignificant,
The varistion of the average pressure on the upstreanm

and downstream faces with chang= in 8/h has been shown in

/

Fig. 5,6. The plot shows the average values of —%
Dy DL

§ v°/2
stream -~ plotted against &/h, for a plate of height 2 cms. The

comouted in the same way as for elements in mid-

value corresponding to &/h equal to zero, for this height of
element, was taken from the runs with the plate in midstreamn,

It is seen from the plotted data that the non-dimensional pressulc
on the upstream fuce decrcases with increase in 8/h, while the
non~-dimensional pressure on the downstream face 1noreasc with
increasc in 8/h; however, at values of &8/h greater than 0.5,

the variation of the pressures with 8/h is very gradual.

The above variation is typical of that obtained for
elements of other heights «lso, though a different set of lines
was obtained (not shown here) for the 4 cm element, An attempt
was made at applying the blockage correction, namely Eg.(5,2),
as a velocity correction as shown below to obtain a unique

relation between 6/h and the average values of PaP, and

€y /0
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D 2.85
i, 0 = (1 - h/D) can be written as
o
D En! _2.85
CD ™ -—Jj—__._. = CD (l—h/D) ol.t-(5.5>
b §V°/z ;
By using & corrected velocity V_ given by
-2.85 .
ch = V° (1-h/D) reasnlrebnge (5.4)

the computed drag coefficient with respect to VC for the same

measured force F, would be C It was therefore hoped that oy

DO' b
non-dimensionalising the pressures pd—po and B o using
§V02/2 s one would get a unique set of lines on Fig, 5,6 for
data with different values of h/D, However, plots of
_EQE:EQ_ s (Eﬁ Py) l/eivéz/é

Ve
‘agdinst 8/h  (not shown here) still yielded different lines for
different values of h/D, though the resultant value pu_pd__
ey
S ¥ /2

appeared to be uniquely defined by 6/h alone, Hence, it may

be concluded that Eq, 5.2??%8 used for correcting the resultant
Pressure or the drag coefficient - as has been shown in the follow-
ing secction - but the correction may not be valid for the pressure

distribution on the two faces independently.

Variation of Drag Coefficient : The functiongl relationship

obtained in Chapter III showed that

CD = Qj 4<h/D’6/h)
for plates kept normal to a plane boundary., The values of CD
were computed from the pressure digtribution diagrams with a
view to find the function, which describss the variation indi-

cated by the above equation, The values of GD were computed at
4777
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various velocities for a given position of eleuent (or &/h)
and the variagtion with velocity was found to be invariably
less than about 5 percent from the mean value and even this
slight variation with velocity was insignificant; hence the
mean of the CD values at the various velocities was used in
the analysis, Fig. 5.7 shows the variation of Cp with 8/h

for two different heights of plates, the values of C gt 8/h
o 9

D
equal to zero being taken from the studies for the midstream cusc
The figurc shows that Cp decrcases with increase in &/h ;
further different curves are obtained for the two heights of
plates, indicating the effect of the parameter h/D on the drag
cogfficient., An attempt was, therefore, made to correct the
data for the blockage effect and study the variation of Ch

0
(the drag coefficient of the plate corresponding to an infinite
stream, but placed in a boundary layer) with 8/h. 3Such a prorce
dure is-based on the assumotion that the effects of contraction
of the stream (due to placement of the element) and presence o
the boundary layer on the drag coefficient of the element are

independent of eachother and can be evaluabted separately. The

data analysed justify this assumption.

Figure 5.8 is a plot of Cp Vs 8/h and the plotted
data. include those collected by theoauthor and Modi (18) in
the open-circuit tumnel using elements 1 cm to 8 cm in height.
The data collected by Plate (26) with elements of height rangir:
from 2,5 em to 5 cm and placed on the floor of a 1,83 metre high
tunnel are also used., The values of drag coefficient listed by
Plate (26) are based on the free-stream velocity and these

were first corrected to obtain C based on the average velocity

D
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in the vertical centre line, which is used in these studies;

this drag coefficient was corrected for the blockage effect using

£q.5,2 to get C as was done for the author's and Modi's
data also. It ma§ however be mentioned that the velocity dist-

ribution in the boundary layer in the tunnel used by Plate (26)
followed the:bbth power law, while for the other data, the
velocity distribution followed the 1/8th power law; it ig
assumed that the effect of this change in velocity distribution
for a given value of §/h, is ingignificant and the various sets
of data have been analysed together, The value of CD equal to
1.38 at §/h, equal to zero given by Arie and Rouse (4) forms

a limiting point on Pig., 5,8, It is seen from the figure that
data from various sources follow a single trend as a result of
the blockage correction applied through Eq. 5,2. This may,
therefore, be supposed to indicate the reliability of Eq. 5,2
and algo justify the assumption that the effects of blockage
and boundary layer submergence are independent and can be
evaluated separately.

Figure 5,8 shows that C decreases continually from a
value of 1.38 at 8/h equal to zero ;ith increase in 8/h,reaching .
value of 0.575 at &/h equal to 10; the decrease however is more
rapid at small values of &/h and very gradual at higher values
of §/h.

The data of Nagabuushanaiah (21) indicated much lower
values of drag coefficient than those of Plate (26) as shown in
Pig. 2,8. On ocorrection of the data for the blockaze effeet,
thd data collected by Nagabhushanaiah would yield considerably

smiller values than those indicated on Fig. 2.2, because the

eléments used by him were of large height., Hence these points



would fall much below the line drawn on Fig. 5,8 based on the
data of Plate (28), Modi (16) and the author; however, no

explanation can be affered for this difference.

The following procedure may be used to evaluate the
drag coefficient for a given case on the bausis of fig. 5.8 and
Boy, DiE 0

a) In the case of atmospheric flow over an obstacle on
ground and similur to the element used in these studies,
one might make the approximation that the free-stream
velocity and the average velocity in the vertical are
not appreciably different, Further, since the stream

is infinite, ©C can be read from Fig, 5,8 for

Dy

known 8/h value and used directly along with the free-
stream velocity to estimate the drag force.
b) In the case of an element in a boundary layer, but in

a finite stream, C is obtained from Fig, 5.8 for

Do

the known value of 6/h . The actual drag coefficient
corresponding to the given value of h/D can be obtained
using £q. 5.2. The drag force can be estimated using
the above value of OD and the average velocity along

the wvertical.

L —— . o 8

Interpretation of Plate's Eguation :- The equation
given by Plate (26) for the drag coefficient of a plate kept in a

boundary layer is

2 77
s
Cp. = 1.05 (b/8.) § i el i O
il
where CD is the drag coefficient with respect to the free-
3
stream velocity UO. The data used in developing the above

equation were not correctcd for the blockage effect, but the
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effect is not serious in the above set of runs since their h/D

values are quite small, Using the observed 1/7th power law of

velocity distribution, one can write the above equation as followc:

g ) 2/7
By | TPk = 1,05 (Rh/§)
h gwo“/z
2
e .L,O5 (’J.h/UO ) -nlloco---(5.5)

where w, is the veloclty at the crest level of the element

B . 1 y t e
without the element in posit ion. Hence CD the drag co-

efficient of the element with rospzet to the crest-level velocity
can be written as ;

' P

D = T e e = 1505 .ll.llll'..l(5.6)

- 2
h g uy©/2

However, Eq. (2.5) has been obtuined based on data in the

C

ranze of 6/h from approximately 2 to 12, But for 8/h values
between zero and one, the velocity at the crest of the element ic
equal to the free-stream velocity itself; as such 05 - which
would be equal to OD in this range - would not be a constant
at least in the runge of 8/h from zero to one. In fact at &/h
equal to zero, 05 would hcve a value of 1.38, the value given

by Arie and Rouse (4). Therefore, to study the variation of C}

in the range of &/h from O to 12, the following procedure is
employed :

The drag doefficient GD compubed in these studies could
o

also be treated as the drag coefficient C (with respect to

!
the free-stream velocity) in the case of an infinite stream with

a finite thickness of boundary layer, Using these values of CD -

obtained with the help of observed CD Values and Eg. 5,8 -

the valuyes of 05 were computed for the data collected by
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Plute (26), Modi (16) and the author, using the appropriate
velocity distribution law, Figure 5,9 shows the variation of
Gﬁ with 6/h for the various sets of data, Despite some
scatter, the data indicate a decrease in Gb with increase in
&/h from O to 1 and an increase in Cﬁ thereafter with increuse
in 6/h , reaching a constant value at higher values of &/h.

Pg -p ;
Fodls) and CD 4 Th 1 .

by d g equation given

€V2/2 d &

by Plate (26) relating the drag coefficient of a plate kept in a

Relation between

boundary layer to the dimensionless parameter for pressure on
the rear is
! b, -p
°p, = L6 _d_o BPPRRIRS = &
§u %2

Since Eq. 5.7 1is based on data not corrected for blockage

effect, the unique relationship bitween CDl and pd—po

U */2

would imply that the relution accounts for the blockage effect

as well as submergence in the boundary layer; however, as
mentioned earlier, the former effect is relatively less impor=-

tant in the above data owing to the small values of h/D.

The above equation was derived using data with a
limited range of ODl and is valid with an accurdacy of + 10
percent for the above data (26). In order to extend the above
form of equation to 4 wider range of drag coefficient, a plot

was made (Sce Fig, 5.10) between the drag coefficient Cp and

the dimensionless pressure _Rg_po I using the data
€ ve/2
collected by Plate (26), Mgdi (16) and the author. It should

be noticed that a definite variation between these two parameters
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if any, would include the combined effect of the presence of the
boundary layer and the contraction of the stream caused by the

element itself.

Equakion 5.7 can be modified to suit the new parameters,

a8 ; h V2
2 Ps-P
Ol iieapein 1 s e ) WL e ( T e )
AP 10
e :
i.e. OD = 185 ","'('i"g_'—p' ........(5,9\
§Ve/2

Equation 5,9 has been reprcsented on Fig, 5,10, along with the

plotted data, The data indicate congiderable departure from the
relation proposed by Plate (26), nawmely, Eg., 5,9, at large values
of CD' In the absence of any certainty that a relation includin-
the boundary layer and the contraction effects exists between the

two parameters, no effort is made to draw an average curve fitting

all the dsts on Pig. 5,10,

5,4 Application of Results to Flume Studi es

For fully developed turbulent flow in an open channel,
one can use Fig, 5,8 and Eg, 5.2 in the following way to prediat
the resistance of a vertical strip placed on the bed. Since

the depth of flow is equal to 6 in this case, one can find QD
o)
from Fig. 5,8 for the known value of 3/h, The above value of
Cp and the known value of h/D can be substituted in #q. 8.2
o .

to get the actual drag coefficient C. « The variation of CD with

o)

D/h, obtained by such a procedure, is shown in Pig. 5.11.
The resistance of an infinitesimal length of strip & Xat the
centre of width can be found as

P = Cp. 6%h, € Ve /2 cees.e(5.10)
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wsing the above drag coefficient and the average velocity along

the centre line of width of the channel.

The results of me.surements made by Adachi (2) on a
two-dimensional strip of thickness 6,4 mm and height 5 mm and kepo
on the bed of & 20 cm wide flume are also shown in Fig, 5.1l. It
is scen that there is a considerabln difference between Adachi's
curve obtained by direct meuasureme nts and the curve obtained by
the author in Fig, 5,11 by the above indirect proce”dre, The
curve presented by Adachi (2) predicts a higher value of Gy
than that obtiined by the author's curve; on the other haﬁd,
because of the influence of thickness on OD (26), one would
expect Adachi's curve to fall below that proposed by the author.
One pla™rible explanation for this anomaly may be that Adachi h.g
used the averaze velocity over the whole width - inspite of the
pressures being measured only on the centre line - and not the
average vclocity along the centre line as used by the author,

In o flume of small width, «s used by Adachi (2), the values of
drag coefficient computed using these two differcnt characteris—
tiec velocities would be considerably different. Obviously, using
the average centre line velocity along with the observed centre
line pressures for Adachi's data would shift the curve predicted

by him considerably downwards on Fig. 5.11,

Two check runs were conducted in the flume with water
to verify the applicability of the author's curve (Fig. 5,11) to
open charnels, Uniform flow was first established in the flume
(with no roughness element in it ) and the average velocity alonj
the centre line of width was found by running a velocity tra-

verse at a pre-determined location in the downgtream half or
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the flume. A 4 cm high two-dimensional sharp-edged roughness
element with pressuré&%%?gi was then placed on the bed at the
section where the velocity profile was taken, The pressures on
the two faces of the element were measured using an iaclined
manometer and the drag coefficient computed with respect to the
average velocity obtained by the veloclty profile already taken,
The results of these two runs are also plotted on Fig, 5.1l and
it is seen that the points fall well above the curve predicted
from the wind tunnel studies, but close to the curve proposed by

Adachi (2).

One of the main reasons for the difference in behaviour

between the wind tumnel and flume data appears to be the clmnge

in the shape of the top boundary. In the wind tumnel, the top wil

T ]

smooth and parallel to the floor, while in the flume runs, a
significant dip in water surface immediately downstream of

the elemen! was noticed., It is supposed that this decrease in
depth just downstream of the element, resulting in higher
acceleration of the flow, might lead to a larger drag coeffici-
ent, However, it was noticed during both the runs that the
increase in depth upstrecam of the element, after placement of
the element, i3 appreciable; in such a case, the use of the
original flow depth and velocity (before placing the element)

in the analysis may be unrealistic.

A second point of difference between the flow in the
flume and that in the tumnel is in regard to the values of § /D
in the two cases, The dats on Pigs. 5,3 and 5,8 cover a range

of §/D from 1/16 to 1/3 , while the value of &/D for fully
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developed turbulent flow in an open chgnnel is 1.0. It was
assumed that the use of the average velocity in the vertical,
in preference to the free-steeam velocity, would implicity
take into account the effecet (if any) of variations of 8/D.

In view of the difference noticed in the behaviour of the tumnnel
and flume data, the effect of variations of &/D may need to be
studied in detail, One may also consider the possibility of
trecating 6/D as approximately equal to 0.8 in an open channel,
while using Fig. 5.8, since it hus been noticed (7) that the
maximum velocity usually oceurs at approximately 0.05D to 0.25
from the water surface; such a procedure would shift the pre-

dicted line, shown in Fig, 5.11, higher.

In view of the uncertainties meniioned in the fore-
going paragraphs, the predicted variation in Fig, 5.11 may
not prove reliable for determination of resistance of a singlc
element on the bed of an open channel, However, it is hoped thatv
it could be used to determine the resistance of a right-angled

spur on the sides of a channel,
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' OHAPTER - VI

ANALYSIS OF DATA - II

RESISTANGE OF ELEMENTS , IN SERIES
6.1 Preliminary Remarks ‘

An analysis of the several aspects concerning the
resistance of a plane boundary with elements kept in series on
it is presented in this Ghapter, Despite the fact that the
approach suggested by Morris (17) is a fairly generaglised one
which is wvalid for all types of roughness elements, very little
effort has been made in the pust to verify it for the type of
elements used in this study. Hence, firstly, the available
flume data on thig type of elements have been used to verify the
reliability of the above method for this type of roughness
elements. The data indicate:that the above approach is not
completely satisfactory over a wide range of variables and the
necesslty of a more reliable method for this type of elements is

thércforo realised

It has been emphasised earlier that a knowledge of
the individual resistance effects is essential in understanding
the mechanism of resistance to flow over artificial roughness
elements. Hence, further analysis presented in thig chgpter,
based on flume and wind tunnel datg, is aimed at providing
information on the form resistance of the roughness elements, the
skin friction on the plane boundary and velocity distribution
in this type of flow, The analysis has been performed on the
basis of certain premises, which are justified by past studies

or by data collected during the present study.



91

6,2 Verification of Mgorris's Method (17):

Though several investigations concerning the resistance
of artificial roughness elements have been conducted, the appro-
ach suggested by Morris(17) is the only one of a general nature
with applicability to a variety of roughness shapes and petterns.
Further, very little work has been reported concerning the resis-
tance of two-dimensional roughness elements of negligible thick-
ness. As such, the data collected during this investigation along
with those of Sayre and Albertson (37) and Bashs (6) have been
used to verify the curves proposed by Morris, only, The Tollowin:z
steps were followed in computing the required parameters far all
the flume runs (Computations were made choosing the top of
element as datum in accordance with the approach followed by
Morris),

a) From the plot of h/D vs D/L with Cp. p/p as third
parameter (18), shown in Pige 8.4, %he type of flow-
isolated roughness flow or wake-interference flow -
was determined, Since all the runs were with L/h grea-
ter than 1.0, no run was of the quasi-smooth type (18),

The value of C used was 1,90 for all the runs as

4
recommended by Morris (18) and p/P was equal to unity
in all the runs except those of Sayre - Albertson (3@7),

h) For the wake interference type of flow, the frictign
factor was computed as

Vv, = /s/f TE P Al Al
Wht‘,re tj* = i gt rad

gﬂbo utuoo-o(6n2>
Rb being the hydraulic radius with respect to the bed

computed as suggested by Binstein (8).
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the data are compared with the predicted line (by

is made using all the data and

Morris) in Fig.6.1.
¢) For the isolated-roughness flow, the value of f_,
(the smooth-boundary friction coefficient) was deter-

mined first by using the diagram relating®¥ to the

2

flow Beynolds number (7); the predicted friction
factor for bed with roughness elements was then com-
puted using Eq. 2.2 namely ;
fle T (L +67,2¢C R

s { g O W
The predicted friction factor hae besn ploticd
against the actually observed friction factor in
These two diagrams reveal that the prediction of

resistance by Morris's method is not of a desirable degree ol

[¢)]

- aceuracy. Figure 6.1 shows a reasonable scatter of points on
both sides of the predicted curve, except for Suyre-Albertson's
data; these indicate a much lower resistance than that predicted
by the curve proposed by Morris. But, in case of the isolated-
roughness flow, there is a considerable difference between the
observed and predicted resistances, as can be seen from Fig.6:2,
The plotted data indicate that, in general, Eq. 2.2 overpredicts
the resistance when L/h ig less than approximately 10 and
underpredicts the resistance when L/h is greater than 10
approximately., However, the ugreement is quite good for the

m

Sayre-Albertson data on discontinuous roughness elements., Lhe

following comments concerning Morris's method bring out the



inherent limitations of the method :

a) The criterion for prediction of the type of flow (Fig,
2,4) 1ig arbitrary and in mony instances, the type
of flow predicted is different from that which can
be physically visualised, For example, some of the
runs for the two-dimensional strips with L/h equal
to 7.5 and 5,0 fall under the category of isolated~-
roughness flow when this criterion is used. One would
normally expect that wake-intereference would prevail
for this type of roughness elements, even at L/h equal
to 10, Mgorris himself, recently (19) has commented
that wake-interclference type of flow persists at larg-
er spacing

8 than predicted, with certain types of

o
]

roughness elements, Therefore, an analysis was made

-

by assuming that wake-interference flow exisgts at a

relative spacing L/h less than 10 and the actual
resistance comparecd with the resistance predicted by
treating the flow as of wake-interference type.
However, the agreement was not satisfactory (not
shown heye) and this y therefore, raises doubts about
the accurucy of the resistance curves proposed by
Morris; for this type of roughness elements, in the

. above raagze of I/h,

b) Any number of roughness patterns can be arranged with
a given value of L/h, p/P and a particular type of
rougnness element. But, in all these cases, the re-
sistance coefficient predicted by this method would be

the same at a given Reynolds number, However, the
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investigations of 0'Loughlin and Macdon«ld (24) and
BEinstein and Banks (9) reveal that apart from the
roughness concentration, the arrangement of the rough-
ness elements._has some influence‘on the resistance co-
efficient, particularly «t large concentrations.

The drag coefficient ugsed for the computation of the
form drag (in isolated~-roughness flow) and for the
classification of flow (Pig. 2.,4) is that which is
valid for an element held in an infinite stream without
a tail plate: for example, the drag coefficient reco-
mnended for use for eleme..lc used in this study is
1.90. Also, thc veloecity used in the computation of
form drag is that at the crecst level of the elements
(17) . Assumption of a value of Cp equal to 1.90

(for the elements used in thig study) fails to take
cognizance of the effect of placing the element on a
boundary and also of the inte rence effect when
elements are placed in series It may be emphasised
that when an element is placed 0ii & boundary with zZere
thickness of the approach bcunddfy layer, the drag
coefficient would be 1.38 (4). In case of elements
placed in series at very large spacings, the.effect of
the boundary layer would be appreciable and a value of
Cb (with respect to the velocity at the crest level)
of approximately 1.05 is more realistic than a value
of 1.90, as can be seen from Fig. 5,9. Also at smallex

spacings , even of the order of L/h equal to 2093t

which Fig. 2.4 predicts isolated-rougnness flow alm

= R
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invariably - the interference effect would be very
important as shown later, PFurther, in view of the
uncertainties regarding the velocity digtribution
over an artificiglly roughened bed, the use of the
velocity at the crest level of elements would intro-
duce a certain degree of approximation. Im fact, it
is felt that the variations between the observed and
predicted resistances for the isolated—rohgnness flow,
noted earlier, may be primarily due to the departures
of the actual drag coefficient and the crest-level

Velocity from the assumed values,

It is, therefore, concluded that the method proposed by
Morris (17) despite its generality of application, is inadequsate
over a wide range of roughness concentrations and patterns, 4
logical approach involving study of the variation of drag co-
efficient with spacing based on wind tunnel experiments and its
application to the flume exoceriments with two-dimensional
roughness clements has been suggested in the following sections

a8 an alternative to the method proposed by Morris.

6.3 Wind Tunnel Experiments :

The data collected on the pressure distribution around
roughness elements kept in series on the floor have been analygec
in this section of the Shapter, From a study of the variation of
CD for different elements along the length of the tunnel, the
length required for the attainment of an approximately constunt
value of OD is determined, The pressure digtribution diagrams

"

of elements repr.sentative of those in a series of infinite number
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elements and their characteristics are studi ed next; these
pressure distribution diagroms are then made use of to study
the variation of CD with the spacing parameter L/h and D/h,

Variation of GD along the Length : The drag coefficient

of every element in an infinite series of elements placed on a
boundary would be obviously the same for all elements, However,
in experimenting with a small length of tunnel - about 3 metres
long as in the present case - one has to ascertain whether a
fairly constant value of GD along the length is attained and,

if so, after what distance from the upstream end or from the

first element, For this purpose the data on pressure distributiou
around the element collected for a number of spacings were ana-
lysed. With elements of 4 cm height, pressure measurements had
been made on practically all the elements kept on the tunnel

floor at spacings of 60-em , 40 cum: , 30 cm and 20 cms., Also,
with an element of 4 cm height at 80 cm and a 2 cm element at 30
cm.. spacing, measurements were made on the central two in a

series of four, All these measurcments wereperformed in the open-
circuit tumnel with the first element being placed at approxi-
mately 25 cm, from the upstream end of the test section.From the
observed pressures the form draz and the average drag coefficient
CD of all the elements was computed, The variation of CD of the
elements along the length at various spacings is shown in

Figs. 6,3 a and 6,3 b and also Table 6.1.
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TABLE 6,1

Variation of CD along the Length

Height of Spacing Totgl no.of FPeaition of Average
element cltiss elements in element in Cq
cm: tunnel series
2nd from L2
upstreanm
= 80 4 drd from Ly B2
upstreanm
Znd from 13 7
upstream
2 80 4
Jrd Irom 1,02
upstream

It can be seen (from Table 6,1 and Fig, 6.3) that, while
at L/h values of 20 and 40 the drag coefficient on the sccond
and third elements is approximately the same, there is consider-
able variation of CD along the length for'some distance from the
upstream end at the smaller spacings. The varigtion, however,
is not completely erratic; a close examinuition shows that the
drag coefficient on the second element in the series is much
smaller than that on the first and in many cases even negative.
The drag coefficient of the third element again shows a sub-
Stantial increcase over that bf the second, though this value
is less than that of the first, This mamner of variation conti-
nues along the length with the difference in drag coefficient

between successive elements decreasing in the downstream direct ion,



It is felt that changes in the extent and nature of the sepa-
ration zones behind the roughness elements a&re responsible for
this manner of variation along the length., However, it is seen
from Pig, 6,34 that in the cuses of I/h equal to &, 7.5 and

10, an approximately constant value of Cy appears to have been
obtained in the downstream end of the tunnel., In the case of
roughness pattern with L/h  equal to 15, this constancy could
not be chtained because of the impossibility of placing larger
number of elements at this spacing in the short length of test
section available., Nevertheless, from the variations shown in
Fig, 6.3 and Table 6.1, onc may suppose that an established
pattern of separation zones leuding to an approximately constant
value of CD along the length is obtained at all the spacings
after a distance of approximately 40 to 50 h from the first cle-
ment,

The attainment of a constant value of CD was also
checked for a roughness pattern comprising of 3 cm elements at &
spacing of 15 cm in the closed circuit tunnel., The measured
valves of OD on the 1l6th, 17th and 18th elements in a geries of
21 elements were 0,149, 0.143 und 0,154 :espectively? the vari-
ation is insignificunt considering the probable accuracy of
measurement and one may assume therefore, that a constant valuc
of Ch 1s obtained after an initial length of 50 h, as mentioned
before,.

Pressure Distribution-Elements in Series : Figures 6.4a to

6,4f show the pressure distribution on a representative ele-
ment - decided from the criterion mentioned in the previous

paragraphs - for L/h ranging from 2.5 to 40, For all the
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spacings except L/h equal to 2.5, the pressure on the downstrean
face was constant over the height for a given value of h and D
at a particular velocity. For elements spaced at L equal to
2.5 h, there was a 8light variation of pressure on the rear over
the height, though not always consistent. However, kn all cases
a constant pressure has been assumed on the downstream face, an
average value being taken in case of elements at L/h equal to
2.5 . The pressure distribution diagrams have been prepared
showing the variation between y/h and Pu ~ Pa y the same

8V “/2

parameters used for single elements,

It is secen from the above diagrams that the dimension-
less pressure. disvribution around the element is practically
independent of the velocity at all spacings. This is copsistent
with the established concept (36) that the dimensionless pressurc
digtribution and the drag coefficient for a sharp-edged element
are independent of the Reynolds number, for Reynolds number
values exceeding 105 . However, the scatter of pohhts on
Fig., 6.4 with change in velocity is slightly more than that
on Figs., B,1 and 5.5, ©Drobably because of larger fluctuations
of pressure in cuse of elements in series. Also, since except
in one or two cuses, the slight variation with
change af velocity was inconsigtent, it is concluded that the
dimensionless pressure distribution is independent of the velo~-
city changes and hence average lines have been drawn.

£ study of all the pressure distribution diagrams

indicates that the shape of these curves for L/h values of 20

and 40 is approximately the same as that for a single element
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kept in a boundary layer. This similarity probably indicates
that there is no pronounced wake-interference and the flow is
akin to the isolated-roughness type of flow mentioned by Morris
(17). At L/h values of 15 and 10, the value of Pu ~ Pg is

L Sy /2

tant over the entire height of the element,

approximately cons
except for o small region near the crest. At L/h values bet-
ween 2,5 and 7.5, a pronounced decrease in._fﬁ%;ﬁi‘_

SV /2
near the centre of height of the element is noticed., The
differences in the shape of the pressure distribution diagrams
with variation in L/h are the probable result of the changes in
the character of the separation zone downsfream of the previous

element.

Variation of Cp with h/L and é/h : The drag coefficient

of a representative element in the series was computed at all
the velocities at various spacings by integration of the pressure
digtribution diagrams. In case of some runs (for example L/h
equal to 15 and h equal to 4 cm) adequate number of elements
could not be placed in the tunnel to obtain conditions repre-
senting a series of large number of elements, The drag coeffi-
cient of an element in a series of infinite number of elements
was then estimated from Fig, 6.3, With elements of 6 cm height
kept in series, measurements were made on the last but one
element in the series and this was assumed to be the represen-
tative element; in view of the small number of elements at

large spacing using this height of element, this may be an
approximation at large L/h values. In all cases, the computed

value of Cp showed no significant dependence on the velocity and
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average values have been used in t he analysis.

By dimensional analysis it has been shown in Chapter
ITI that
GD = ﬂ (h/L 9 D/h)

The data plotted on Fig., 6,5 indicate that the use of
D/h as a third parameter systematises the scatter of points

on a plot of Cp vs h/L, For a given value of D/h, O conti-
nually decreases with increase in h/L, and OD decreases with
increase in D/h for a given value of h/L,

Assuming that in the flow over a series of large
roughness elements, the boundary layer effects are inappreci-
able, the values of GD found for a single element kept in mid-
stream (and with a tailplate) are also plotted on Fig, 6.5
as those corresponding to h/L equal to zero. It can be seen

that the curves relating h/L to C, at different values of D/h

D
can be extrapolated smoothly to the limit h/L equal to zero.
Obviously if the boundary layer effects are significant, the
drag coefficient corresponding to h/L equal‘to zero would need
to be determined at the given value of D/h (equal to &/h) from

Fig, 5,8 and Eq. 5,2 as described before, However, values

s0 computed for h/L equal to zero were less than the observed
OD valucs for finite spacings of the order of 15 h. But the

study of the variation of OD 2long the length had shown that
OD attained o constunt value after a comparatively short
initial length and it may, therefore, be supposed that the
boundary layer effects on CD are ilnappreciable in these cases.
Hence all the curves on Fig. 6.5 have been extended to the C

)
value for an element in midstream, which is also free from
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boundary layer effects, However, because of the short length
of tunnel section, it was not possible to verify the trend of
curves shown in the region h/L equal to O to 0,025, It remains
to be checked whether at extremely large spacings, the element
can be treated as isolated and immersed in a boundary layer

and C estimated from Fig. 5.8 and Eg. 5,2 .rather than from

D
the extrupolation shown in Fig. 6,5. However, Adachi's experi-
ments (2 ) on two-dimensional strips of finite thickness indi-
cate that O increases continually with increase in L/h upto L/
equal to 160, at a given value of D/h; beyond L/h equal to 160,
his data indicate that the strins conld be tresated as isolated—
roughnesses,

A comparison between Fig, 6,5 and a similar plot pre-
pared by Adachi (2) for two-dimensional strips of finite thick-
ness revealed that at given valuesof D/h and L/h , the drag
coefficients in Fig., 6.5 are higher. It is felt that this
tendency reflects the effect of thickness of the strip on the
drag coefficient,

Variation of CDO with h/L The variation in Gy with

— -

variations in D/h at a given value of h/L shows the effect of
the proximity of the top boundary on the flow. An effort was
made to study the applicability of the blockage correction,
namely Eq. 5.2, to eliminate the contraction effect for elements
in series, Should the correction be valiq for elements in serie

a unique relation would be obtained between C ~ the supposed

o

value for an infinite stream - and h/L, However, Fig. 6.6 shows

that even on correction of the drag coefficient values through
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Eq., 5.2, data with different values of D/h show different re-
lations on the plot of drag coefficient versus h/L. It must be

noticed that Eq, 5,2 affords a means of correcting for the

variations in flow pattern (and consequently change in Gy ) due
to contraction in case of flow past a single element; apparently,

in the flow over a series of roughness elements, the changes in
£1 w pittern (and thus in CD) due to chan:cs in h/D are a func-
tion of h/L also., As such, it appears that Eq. 5,2 would be in-
applicable to compute CD, values (for the infinite stream case)
for elenents in series,

6,4 Combined Analysis of Wind Tunnel and Plume Data :

In this section an analysis of the resistance character-
igtics of roughness elements kept in series is presented, Wind
tunnel and flume data have been used to evolve a relationship
between the drag coefficient of the roughness element and the
parameters L/h and D/h, In such an anslysis of the two sets of
data together,one must give due consideration to the various
points enumerated below, someof which were discugsed in Chapter
III, A critical examination of all these aspects has been
presented, as a result of which the combined analysis is justi-
fied.

a) Wave resigtance in flume experiments.

b) Skin friction of the plane boundary.

¢) Reynolds number effects.

d) Similarity of flow pattern in the flume and tunnel.

e) Choice of velocity.

It was shown in Chapter III that the wave resistance

and the skin friction on the plane boundary would form insigni-
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ficunt contributiors to the total resistance in the range of
.experiments carried out during this investigation, Further,
it was emphasised that the Reynolds Number could be omitted
from the analysis, provided the‘Reynolis number exceeded 105. .
The Reynolds number Vh/5: inkflume runs ranged from 3.5 x 100
o2 x 104, while for the wind tunnel data the range of the
Reynolds number Vh/4, ! w#s from approximately 104 to 5.2X104.
Hence, the flume data have been analysed on the assumption that
the measurcd total resistance is equal to the form resistance

of the strips. Also the Reynolds number has been omitted from

the analysis for tunnel as well as flume data,

d) Similarity of Flow Patterns : While the three aspects
examnined eéilier permit a combined analysis of the wind tunnel
and flume data, further justification was sought by comparing
the flow patterns in the two cases, Firstly, it was noticed
in all the flume runs that the water surface was fairly smootn
and plane, corresponding to the shape of the tunnel ceiling in
the wind tunnel studies. Only at L/h equal to 40 and 20, a
slight dip in the water surface immediately downstream of the
roughness element was noticed at the smaller depths, However,
thig dip was much less significant than that observed in the
flow over a single element; as such, the bottom and top bounda-
ries (or the water surface) can be assumed to be plane and

parallel to each other in the tunnel as well as in the flume.

The data concerning the velocity distribution in the
flow over roughness elementg are also used to compare the

nature of the flow in the flume and the tunnel., In all cases
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except one, only one or two velocity profiles were taken for
each pattern at typical sections., In one particular run in
the tunnel with L/h equal to 40 and h equal to 2 cms, a number
of velocity profiles were taken along the length and the results
are shown in Pig. 6.7. In the availuble length of test section
four elements could be placed at the above spacing and velocity
profiles taken over the first three elements and also midway
between two consecutive elements are shown . It is seen from
the figure that an average velocity profile can be drawn tarough
the data at the scctions between elements. However, the three
profiles taken over the elements are different from one an-
other, particularly in the region close to the element, Further
though the mean velocity of flow was constant while the various
profiles were taken, it may be seen from Fig, 6.7 that integra-
tion of these three profiles would lead to different discharge
rates. OSince the streamlines over the roughness elements would
have considerable curvature, it is felt that an ordinary Prandtl
tube without any attachment to enable placing it in the stream-
line direction would be inadequate to obtain accurate wvelocity
distribution data, Apparently, the difference in the discharges
that would be ebtained by integration of the profiles shows that
the curvature of the streamlines over the three elements‘(on
which velocity profiles were taken) was varying . However, it
is surprising that the data collected at three different sectiors
midway between elements appear to define a single curve, since
one expects a representative profile to be obtained only, after
gome length. In fact, after a certain initial length, one can

expect the velocity distribution at corresponding sections to Le
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identical., But data on Fig., 6,7 indicate that a single velocit;
distribution law may be inadequate to describe the velocity
profile over the element and that between.the elements, parti-
cul@rly at large spacings. The diffefences in the character of

the velocity profiles over the element and between elements havc
beetl emphasised by Adachi (2) also,

In view of the possible inaccuracies in the velocity
measurements with Prandtl tube in strongly curved flows, the
limited number of profiles taken and also the differences in
the orofile over the element and that between elements, no
effort is made at proposing a velocity distribution law for
this type of roughness elements. Nevertheless, the data have
been used in a qualitative way, namely to compare the nature
of velocity profiles obtained in the flume and tunnel experi-
ments., Figures 6.8a to 6.8 ¢ show plots of logloy versus u
obtained from measurements in the flume as well as in . the
tunnel. The velocity profiles in the tunnel were taken close

to the element supposed to be representative on the basis of Fig,
6.3,, The data plotted in Fig.6,8 indicate firstly that there are
considerable differences in the velocity distribution over
el~mant ond betwecn the elements at lnrge gpmeings @ 3

at small spacings, it may be seen that there is a tendency for
the two profiles to merge together, It may also be noticed that
the nature of the profiles in the tunnel and in the flume are
similar, In both cases, at most spacings, there is a definite
break in the velocity profile as also reported by Morris (17);
at L/h less than 5, data appear to fbllow a single line while

at higher spacings the break may be noticed. It may also be
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mentjoned that neggtive velocitiés were noticed immediately
downstream of the elements and near the bed at some spacings,
in the tunnel as well as in the flume, but they were not
measured, _

Hence it may be concluded from a study of Fig., 6.8
that the flow patterns obtained in the tunnel and flume at
co¥responding sSgctions are similar; the results of an attempt ut

a quantitative comparison are discussed later.

€) OChoice of Velocity : As mentioned earlier, the drag
coefficient determined in the wind tunnel is defined with
respect to the average velocity in the vertical centre line.
In case of a chgnnel of width B, considering a two—dimensional
strip, one can write the force AXFB as

AFy &, Oyax. b, QLT R85

where ASFB is the force on a width A x of the roughness
element and V the average velocity along the vertical at the
oentre of Ox,
The total forece FB can be written as

B

2
Bl 3 / Giax b © V/2 O

Agsuming Cp %o be only 4@ function of the roughness geometry

I

and the parameter D/h, the force FB corresponding to a given

value of D/h.becomes
ok g % o -
F D / V AX .001.00011(605)
0

B i 2

g o
The integral in Bq. 6,5 may be written as VBB  where V

is the mean velocity of flow over the channel cross section

and F is the mementum correction factor for the velocity



digtribution across the width. Egquation 6.5 may therefore,

be written as
n) 3 8 s 75
}.‘, - bCDtll BV/z 00.1000(6-6)

The vadkue of B is usually only slightly greater
than unity and £ is assumed to be unity in this case con-
gidering thut the emror introduced by such a step would be negli-
gible, Hence Eg, 6,6 Dbecomes,

5 g s =2
i —-CDA;h BUYT

B SersasedBY7)

2
Equation (6.7) was used to calculate CD for the flume data
wihile CD for the wind tunnel data were computed on the basis

of centre line welocities and pressure measurements as mentioned
eariier,

The critical examination of the several aspects
mentioned in the foregoing paragraphs reveals that a combined
analysis of the flume and wind tunmnel data is Justified, Such
an analysis has been presented below and the values of OD 2 |

case of flume runs, for this purpose, were computed as describuoc

below :
The average shear stress on the bed can be written ds ;
TO = erS ..-oo-n-(608)
This shear can be equated to the form resigtance of the

roughness strips, since the other types of resistance are

assumed to be negligible,
it WA B R C et ol 7L
The values of CD were computcd for the various flume runs

through Eq. 6,9,

Variation of CD : On the basis of dimensional analysis

bPresented earlier, the drag coefficient of g roughness element
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in series can be written as

Cp = g (L/a. D/n)

By similuarity with the semi-logarithmic equation Ifor

@

friction in pipes, plots of l//GD vs log. D/h  were pre-

10
pared for various values of L/h., A number of other forms were
tricd, but the above form appeared to yield the most encouraging
form of rclationship. Figures 6.93 o 6.9h are plots of 1//C5

vs log D/h for different L/h valués based on all the flume

E‘)lo
and wind tunnel data. The wind tunnel data plotted on this

figure are the values of C for the representative element in

D
the series as delermined from Fig., 6.3.
For one run with L/h equal to 20 and h equal to 4 cms,

pressure distribution on the element was measured at the cen-—

o
g
]

[

tre line of the flume, This measurement was performed on an ele-
ment in the downstream half of the flume, A velocity profile wuas
taken upstream of this element along the centre line of the flume
and the drag coefficient computed with respect to the average
velocity in this vertical has been plotted on Fig, 6.9g .

For the same run, the value of C computed on the basis of the

g
water surface slope and the average velocity over the whole
section (i.e, using Eq. 6.2) has also been plotted an Fig. 6.9g .
There is an appreciable difference between the two computed values
and algso the value of CD computed from the measured pressures in
the flume shows departure from the trend of the other flume and
wind tunnel points on Fig. 6,9 g. On examingtion it was found thut
the average velocity in the vertical obtained by the pitot tube

traverse was higher than that theoretically computed by assuming
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an appropriate velocity distribution along the width., Further,
the ratio of the average velocity along the vertical centre line
to the average velocity over the whole cross section in this
case was found to be about 1.24 and much higher than that observed
in the case without any roughness elements on the bed, Thus, it
is felt that the velocity meusurements with an ordinary Prandtl
tube in the cuse with large roughncss elements are not very accu-
rate and thus the departure seen on Fig, 6,9 g is understandablec.
In fact by using a corrected velocity (based on equations of velo-
city distribution across the width and also by application of
the same rutio between centre line velocity and average velocity,
as observed in the case with no roughness elements, to the
present run) the GD value from the observed pressures came out
to be 1.66 and thus very close to the value of 1.69 computed
from the water surfuce slope and average velocity over the whole
cross section,

It can be seen from Fig, 6,9 that at any given spacin:,
flume and wind tunnel data follow un identical trend and the data
together indicate a linear relationship between 1//C, and

1 D/h  at all values of L/h. This identity of behaviour

510
may be supposed to prove the validity of the premises stated
earlier in justification of a combined analysis of flume and
wind tunnel data. It may also be observed that for a given value
of L/h, flume data at different slopes tend to fall on a ‘single
line show ing that within this range of slopes, the water surface
slope has no effect on the relationship.

The relationship between 1/ /Ty~ and D/h can be

written in the general form 1
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1//"0“""D = ¢, logy, D/h + C, WY DRl
wnere C; and C, arc functions of L/h.,

From Fig.6,9,the values of C; and 02 at various values of L/h
were computed on the basis of the mean lines drawn tkrough the
plotted points. The variation of Cy anq 02 with L/h is shown
in Figs, 6,10 and 6,11 , it can be seen that C, decreases with
increase in L/h, whereas 02 increases with increase in L/h,

Use of Figs, 6,10 and 6,11 along with Eqs. 6.8, 6,9 and 6.10
would enable solution of the problem of resistance of roughness
elements of the type used in this study. The extension of the
approach to larger spacings than those used in the present study.
where the skin friction of the plane boundary may become im-
portant, needs further research.

The only other set of data (apart from those collected
during this study) on two-dimensional strips of negligible
thickness are those of Basha (6). In analysing his data, Basha
found that the resistance coefficient is significantly affected
by variations in the water surface slope, though the variation
was not congistent at all spacings. Nevertheless, it is seen
from Fig., 6,12 that the lines predicted by using Fig, 6,10 and
6,11 and Eq., 6.10 represent the average lines for Basha's
data, though the scatter of points is quite large. Experimeﬁts
over a wider range of slopes than that covered in the present
study'need to be carried out to ascertain whether the water
surface slope has a significant effect on the resistance coeffi-

cient or not, for this type of roughness element.
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6.5 Comparison with Conventional Equation :
The conventional analysis of data on artificial rough-
ness elements has been based invariably on some form of the
equation ;

V/V* = Z.SO/K loglo D/h+Bl "ll'l..‘(6.11)

vhile B is a constant dependent on the type and arrangement

i &
of the roughness elements, the value of K has been found to vary
from 0.38 to 0.40 in a majority of cases. Expressing 2.30/K

as Ay, 3. 6.11 can be modified to ;

V /.V.* = AlloglOD/h_ + .Bl 900-5-0-0(6012)

But Eq. 6.9 can be written as

-V/v* /H§L_ G/C@ PP SRl R ¢

Combining Egs., 6.12 and 6.13 ;

l/’OD F A1/."h/L 108y g D/h+Blf B D ewshalBls)
2

£

Comparing this with Eq. 6,10,

Cy n Al/_-% SR - L
2

Figure 6,13 shows a plot of L/h vs C. ecomputed from

i

Pig. 6.9, Agsumning a constant value of Al as done by most

investigators, one can draw a line of slope -1/2 relating Cl

and L/h on Pig. 6.13. The value of Al equal to 6.06, as given
by Sayre and Albertson (37) has been used in drawing such a
straight line on Fig, 6.13. The data indicate close agreement
with the above line at L/h values greater than 5. AtL/h
values less thun 5, the plotted data indicate Ol values
higher than those predicted by the lire ar relationship, It is

felt that the reason for this difference lies in the shift of
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datum that would be required at smaller values of L/h, It
should be noticed that g shift in the datun upward would mean
smaller computed values of AV/V, (difference in V/V,
values at two values of D/h) thus leading to smaller computed
values of Gl' Apparently, Eq. 6.12 with a constant value of A
can be used with the flume bottom as datum at L/h values higher

z

than 6; at L/h values below o5, 2 correction for the datum would
be required , However, in- using Eq, 6.10, one need not apply
corrections for shift in the dutum as it is implicit in the

values of Gl and 02.

6,6 Variation of w/V, with logloy

For a given value of D/h and L/h, it is seen tmt
1/76}7“ 1s constant; in other words V/V, is constant.
Thus in the conventional equation for resistance
2y ah)
s <&

KS, the equivalent sandgrain roughness would be a congtant for

/v, loglo D/KO + constant envant Ball]

given values of D, h and L, An effort was thus made to study

on the basis of the following

the variation of u/V, with Log, v i

equation ;

WV = gfég log, o Y/KS + constant Pk U

One wauld expect that for any two runs with the same values

7 h and L, & unique relation would be obtained between
u/V, and log ¥ . 4 set of two runs with L equal 10 cm and

h equal to 4 cm. - one from the wind tunnel and one from the
flume - with approximately the same values of D was chosen
and the velocity distribution data plotted in the form u/V, '°

log y on Pig, 6,14, For this purpose, in the wind tunnel dat:

o

10
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Vs was computed from the known values of C_ » while for the

D
flume data V, equals /Eﬁ;g__ . It is seen from Fig, 6,14
that there is an appreciable differense between the trend of
the wind tunnel and the flume data. Though a large number of
profiles were not available to muke any general conclusions, it
cappeurs that the length after which OD for the element remaing
constant is not adequate to achieve a representative velocity
distribution, It is also possible that the parameter OD 1is not
S0 sensitive as the velocity distribution to the variagtions of
flow pattern which may exist in the initial length, However,
lack of certainty regarding the Aceuracy of velocities measured
with Prandtl tube in strongly curved flows and the absence of
veloeity data in the region of reverse flows make it difficult to
conduct a more thorough analysis of this agEpecy of the problem,

at present,

1
(@]
i
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CHAPTER - VII

ANALYSIS OF DATA - III

CONMBINAT IOW OF ELEMENTS OF DIFFERENT HEIGHTS

7.1 Preliminary Remarks :

In this Chapter, the e¢xperimental results on the
resigtance of elements in the case when elements of different
height are placed together on the floor are analysed., The
results an the resistance of a small roughness element kept down
stream of a large one are analysed first; the combined efféot
of two roughness series on the total resistance is studied
later,

7.2 Small Roughness Element Placed Downgtream of & Large One
(Both on the Floor):

The data on the resistance of a small roughness element
placed in the wake of a large one werec collected with the
intention of providing information for the estimation of wind
forces on smaller structurecs in the wake of large ones, As
already described, a 4 cm high strip was placed at the section
where 6 1is equal to 1.12 cm and the position of the 2 cm
strip downstream of the former was varied; for each position of
the smaller element, the drag force was measured on both the
elements. The variation of drag coefficient (average of the
values at different velocities) of both the elements with change
in position of the smaller element is shown in g, Tty . The
diagram has not been prepared in dimensionless form since only

one set of heights of elements was used, Further, the results
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should be trecated as purely qualitative as the values of CD

are not corrected for the blockage effect, Nevertheless, the

following features may be noticed by a study of Ragy oo

a)

c)

The drag coefficient of the 4 cm element ig unaffected
by its proximity to the smaller one and its value is
approximately the same as that for a 4 cm element kept
at the same section (& egqual to 1,12 cm) with the
small element removed,

Within a distance of approximately 11 times the height
of the large element, the drag coefficient of the 2 con
element is either negative or zero; the maximum nega-
tive value occurs at a distance of approximately 7.5
times the height of the large clement,

Beyond a distance of 11 times the height of the large
element, GD for the small element is positive and

Fig, 7.1 shows an increase in Cp with increase in dis-
tance between the two elements; bubt the inerease in

QD Occurs at a decreasing rate and a tendency for CD
to reach a maximum value at a distance of roughly 50
times the height of the large element is noticed,

With further increase in the distance between the two
clemert s, one may expect OD of the smaller element to
decrease, because of the increasing thickness of the
redeveloping boundary layer downgtream of the large
element, However, data were not collected in this
range, because of the limitation of the available length

of test section of the tunnel,
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7.3 Combination of Roughness Series :

Studies concerning the resistance of a roughness
pattern in which one series of roughness elements is combined
with & second series were performed with the object of provid-
ing some basic information concerning the sheltering effect in
a bed with various sizes of roughness elements.. The experi-
ments were performed in the open-circuit wind tumnel ag well
ags in the flume and the analyses of the data. &re presented
below:

Wind Tunnel Studies : Experiments on this aspect of the

study were conducted in the open-circuit tunnel, A series of

4 cm elements was placed at 80 em spacing to form the 'primary
series'; 2 cm elements were fiyxed at & ce?t&in distance Ll
downstream of each of the 4 cm elements to form the 'secondary
series'. Different values of Ll were used and the drag co-
efficients measured on the third element in the primary as well
as the sccondary series in most cases and these were assumed to
be representative values. The secondary series was also formed

by using another set of 4 cm clements . In this case also Ll
was varied and OD found in the same way as for the former,

Figures 7.2 a and 7.2b show the variation of CD of

elements in the primary and secondary series, with L., for both

l?
sets of runs described earlier,” The values of CD (average of
values at different velocities) are uncorrected for blockage
effect and since the height of elements was not varied by a

sufficient range, the curves have been plotted in dimensional

form; further the total aumber of elements in the tunnel may notb
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be adequate to obtain a constant value of CD along the length
for each series; as such, the results are qualitative, In

Pig, 7.8b, the maximum value of Ll upto which the pressures

were actually measured. was 40 cm ; obviously, beyond Ll equal
to 40 cm.-, the curves would be a mirror image of the curves upto
L1 equal to 40 cm..

It is seen from Fig, 7.2 that an element of the second-
ary series, 1if placed within 6hto 7h from an element of height
'h' in the primary series, experiences a negative drag force.
Beyond this distance, the e¢lement in the secondary series has a
positive drag coefficient. As contrasted to the cuse of only
two elements placed on a boundary where the drag coefficient
of the large element remained approximately constant, CD of thc
element in the primary series is significantly affected by
changes in Ll' This is understandable since, with elements in
series, the flow conditions both upstream and downstream of the
element in the primary series are affected by changes in Ll'

Flume Experiments :- The total resistance due to the

combination of two roughness series was measured in the flume for
the various patterns listed in Table 4.1 , of Chapter IV. The
data are anzlyscd in such a way that the change in resistance

of the primary series due to the introduction of the secondary
series is reflected. In other words, the 'effective' Cp of an
element in the primary series is calculated from Eq, 6.9 from
the measured values of V , S and D when the two roughness series
are kept on the bed. This amounts to ascribing the total re-
sistance only to the elements in the primary series. Since the

actual resistance of the primary series alone is kuown from
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digs, 6.10 end 6,11 and Eqg, 6,10, the change in resistance due
to the introduction of the secondary series may be caléulated
gd3k )y,

For the purpose of computing the chdnge in resigtance
the following procedure was adopted, The computed values of
1//C, (where Cp is the 'cffective ' drag coefficient of the
element in the primary series) and loglo D/h were plotted and
a straight line yielding the same value of Ol as that for the
primary serics alone (obtained from Fig. 6.10) was fitted through
the plotted points. The value of C2 was then found from these
lines, The change in the value of 02 from that for the primary

series alone reflects the effect of introduction of the secondary

Figures 7.3a to 7.3 i show plots of l//Egm- Versus
D/h  for the different patterns tested . It is seen that
the line fitted by assigning the same value df Cl as for the
Prim.ry series alone represents the average line for the plotted
points in almost all cases, thus Justifying the choice of Cl.

On the above figurecs are also plotted the values of the
'Effective' drag cocfficient for the tunnel data computed from
the easily derivable relation.

G il <RI o Ty e de
n YRS e RV P v + NC > 2 "t
2 P s S g Dy Vv/gﬂ/L sriwnl Tl

where h' = Height of element in the secondary serics
OD = Drag coefficient of an element in the
P
Primary seriecs
Cy = Drag coefficient of an element in the
8

secondary series,
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N = Number of elements in the secondary series in a
iength I,

In calculating GD y consideration was also given to the sign of

the drag coefficients OD passes « It is seen that in all

S Dp
cases , the tunnel data so computed fall well below the lines
drawn on Fig, 7,3, The fact that the values of CD and CD
found in the tunnel may not be truly representativg of eleme;us
in a series of large number of elements, could be one possible
reason for the difference in the trend of the flume and Burmel
data on Fig, 7,3; however, no complete explanation can be offer-

ed with the limited data availaple,

For the purpose of camputing the value of 02 in Eg.6.10
the lines drawn on Fig, 7.3 were used despite the departure of the
tumnel data from this line, The above values of 02 are plotted
against Ll for both sets - namely primary series with L/h equal
to 20 and I/h equal to 40 -~ on Figs. 7.4 and 7.4b . In the casc
of the primary series with L/h equal to 40, it is seen that the
introduction of the secondary series leads to an increase in re-
sistance for all the values of Ll tried; however, it remiins to
be seen whether the above bohaviour is true when the secondary

primary element, In the case
y

i

element is kept very close to the
of the primary scries with L/h equal to 20, it can be seen from
Fig, 7.4 b that introduction uof the secondary series causes a
decrease in resistance in all cases except when the secondary

element is exactly nidway between the primary elements,



CHAPTER - VIII 1 2 1

CONCLUS IONS

Additional data on the form resistance of two-dimen~
sional roughness elements of negligible thickness have been
made available as a result of this study. The various aspects
of the problem studied include the effects of the boungary
layer and the proximity of boundaries on the drag coefficient
of a single roughness element, In case of roughness elements
in series, the effects of variation of relative roughness
height and relative spacing on the resistance coefficient were
Sstudied. Some experimental results concerning the resistance
variations due to introduction of a smgll roughness element
downstream of a large one have also been reported. The main
conclusions, as a result of the analysis of experimental data,
are as follows :-

1) The drag coefficient Cp of an inclined plate (provided
with a symmetrical tailplate) held in uniform flow
increases with increase in h/D, This increase in CD
can be attributcd Primarily to the decrease in the
dimensionless pressure oh the downstream face with
inerease in h/D, The equation

a. 2.85

D. /85 = ‘{1~ h/D)

can be used to find the drag coefficient CD of a
o)
blate keot on a boundary but in an infinite stream,
2)  The correction for blockage suggested by Maskell (14)

for two~dimensional normal plates without a tailplate,

with € = 0,96 is inapplicable in the case of an element
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with a tailplate, However, the adoption of a value of
€ equal to 1,788, based on the studies of Apie and
Rouse (4), yields a blockage correction which is
suited for the case of a normal plate provided with a
tail nlate,

The draz coefficient CD of a single normal plate in
0
CHS

(=
[
2

a boundary laycr deccrewses continually with increase

6/h as shown in Fig, 5,8, Use of this figure along
with the equution CDO/OD = (1—h/D)2.85 SUEBL AR Lis
estimation of the drag coefficient of an element in a
boundary layer, but in a finite stream, Application
of this procedure to the case of a roughness element
on the bed of an open channel, however, indicates
qQuantitative differences between the observed and
Predicted OD values,

The drag coefficient with respect to the Velocity at
the crest level of a single element in the boundary
layer (but in an infinite stream) Cb is found to be
approximately constant at high values of 8/h; at lower

values of §/h, C) is u function of 8/h as shown in

the type used in this study reveals that the method

1s not reliable over a wide range of relative Spacings.,
In general, for the isolated-roughness flow at L/h less
than 10, the method overpredicts the resistance and it

underpredicts the resistance at L/h greater than 10;
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for the wake-interference flow, however, the agreement
is fair.
For roughness elements in series, the drag coefficient
of all elcments in the series, beyond msm initial
length of 50 times the height of the element, is
dpproximately constant.,
The total resistance of a plane boundary with rough-
ness clements having L/h ranging from 2.5 to 20.0 and
at low Froude numbers may be estimated on the assump-
tion thut the total resistance is equal to the form
resistance of the roughness elements, The empirical
equation ;

1//65“‘ = ¢ loglo D/h + 02
based on flume and tunnel data, enables determination
of the total resistance of the bed; Figs., 8.1l0 and

6.11 show the variation of C, and C, with L/h,

2

A comparison of the above equation with the conven-
tionual resistance cquation ;

V/ V= 6,08 log, , D/h + constant,
indicates that the datum may be set at the flume
bottom for L/h ranging from 5 to 40 and above for this
type of roughness elements; at L/h less than o, the
datum needs to be set at a higher level in using the
coanventional equgtioh.
The draz coefficient of a small element (2 cm. high)

kept downstream of a 4 cm high element is negative
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when it is kept within about 11 times the height of
the large element, Beyond thig distance, CD of the
small elcment 1s pasitive and increases with increase
in distance from the large clement and appears to reach
4 maximum value w.en kept at approximgtely 50 h away
from the large element, The draz coefficient of the
large element, however, is unaffected by the proxi-
mity of the small e¢lement.

With 4 cm elements kept at a spacing of 80 cm. ,
introduction of a smaller element of 2 cm height at
any fixed point Aownstream of the large element

leads to a decre=ge in resistance in most cases,
However, with 4 cm c¢lements at a gspacing of 160 cm ,
introduction of the smaller element causes an incredase

in resistance in most cases,
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TABLE - I .
SUMMARY OF FLUME DiT4 COLLECTED BY THE AUTHOR

Width of flume = 47,20 cms. Manning's 'n! for side wall=0,009
Manning'!s 'n'! for wooden bottom = 0.0135

(See Table 4.1 for details of roughness patterns).

wun No cms Sx103 Cms/See T Cms
D T Rp

b =1 24,88 2,875 49,50 ESED 22.40
L -2 10.24 " 39.60 b 1786
i = @ 1378 " 2780 L 3y X7
iy = 4 16,55 G IS 14,75 31,0 16,80
b =5 21,00 n 20,10 n 20410
] = 6 25,66 " 24,80 " 28,10
T | 33,18 r 30,00 L 28,65
L = 6 19,56 2¢+875 30,30 14.5 18.60
a0 28+ 56 . 38 5 0 L8:0 27.45
k= LR LR ET i ' 19.20 14.0 18,07
, L 9 33.50 0075 24060 29-5 30.20
&L - 10 24,99 H iey 4 23,40
L =11 18.948 4 18575 0 18,20
o 26,10 1,85 Al 20 15:0 23,30
5e= 1 13,79 24875 18,76 20.5 13.40
X ,":- 2 19I82 n BOOOO 21.5 18085
o S 8 30.12 I 43.50 22.0 27 "70

- 4 17,00 0.75 : 11280 31 .0 16,80
uij" 5 9.0.52 i 13.50 - 19 070
i~ 6 26.29 " L7TaT0 1 24.70
bee'm 32, 50 " 22, 80 " 29,70
A= 1 30.79 2,876 41,30 180 28.45
.1.5.1-3" 2 19064: L 27.00 1410 18180
;;.53_ 3 14,05 n 16.90 14,0 13080
AZ-'& 16.25 00‘75 10095 81:0 15175
z!‘x.‘?"" 5} 20036 n lBeOS n 190&)
e 25,05 n 16.85 n 23.60
o= 7 -~ I b " 24,00 " 30,00

(Contd)



Run No cms $x10° Cms/See TO¢ Cms

Ag- 1 31.42 2.875 41,70 19.5 28,70
AS- 2 190% n 26360 20000 18.70
Az- 3 14,88 " 16,20 23 .0 13.60
As~ 4 32,17 0.75 22,80 51.0 29 , 30
ds~ 8 26,47 " 17,60 " 24,90
A.'S- 6 ?O'SO il 12070 L 20000
Ag= 1 13.05 2,875 15,60 15.0 12,80
A3~ 3 29 .42 n 40, 60 16.5 27.20
hg- 4 a0 4y DS 23,20 .0 29 , 50
Ag- 5 26.01 " 17.85 " 24,40
Ag- 6 20 .20 " 18.80 " 19.40
Ay X 30.73 2,875 42,70 19.0 23, 4

ho= 2 26,92 n 38.50 [ 25.05
A7= 3 22,56 " 83.30 " 21,30
A7- 4 15,47 n 21,50 " 15,00
Ap= 5 13,08 " 16,35 n 12.80
pe 14,82 " 39,20 15.5 13,75
s B 19,93 " 49 .00 14,5 17 .85
B =8 9,60 " 26. 50 14.0 9,25
g 32,54 0.75 38,40 28,0 26,30
P B 24,62 " 29,70 " 21,40
P = B 14,609 " 20.60 n 13,40
1‘1 = 1 13'47 2.875 30.60 14210 12515
LI— ) 18,87 " 39,30 " 17,50
- 3 25,39 n 48,50 Ly 22.:80 -
P-4 10.24 n 22,10 " 9.95
Prw 5 16,63 0.75 17,16 28.00 15.70
ei- 6 24,11 " 24,60 L 21.85
Py- 7 32,31 " 30.80 n 27.50

( Contd)



zun No crgs S)clO"3 Cms/See e o
~r Rb

Vy= 1 9.75 2,875 17.40 22,0 9.36
Pa- 2 16,16 n 32,00 23.0 15.30
£3- 3 25,33 " 50,00 £25.0 22,65
- 4 32,56 0.75 30, 60 28,0 28.10
Pre B 23,83 " 23,40 i 3 W
Pa= 6 16, 85 n LFIO00 i 156,90
AND- 1 14,13 2,875 21 .40 16.0 13.70
AT~ 2 19,93 " 35.10 " 18.70
AW~ 3 27 .63 " 48,15 i 25,20
A= 4 32,18 0.75 26,20 28,0 28,60
AL~ & 24,57 " 20,30 " 22.80
A= 6 16.38 " 14,24 " NI
irZ- 1 29.03 2,875 44,00 15,0 26,80
ArZe B 19.73 " 33,50 14.0 18.58
1% 3 14,00 " 22,00 t 13,55
AvZ- 4 32.24 .75 26,90 29 .0 28,60
A’Z=- 5 24,50 " 20.90 n 22,60
tP%- 6 17.86 " 14,50 n 1708
aP12-1 14,81 2,875 22,40 15.0 13,74
Py Z=2 19.40 " 34,40 " 18,25
AP1Z-3 27 .67 " 46,00 " 25,10
AP1Z-4 23.23 n 39 .50 27..0 71,25
ir1%-5 32,37 0,75 28.80 29.0 28.30
\P1Z-6 24,08 " 21,60 3 £9,20
a1 2=7 17.08 " 14,90 i 16,25
Y- 1 27.23 2,875 46,50 15.0 24,60
APY- 2 19,69 " 35,20 " 18.45
LPY- 3 13,91 " 24.10 " 13.40
Y- 4 17.63 075 15,00 28.0 16.85
Y- 8 24,34 " 22,20 L ap. 38
APY- 6 32.80 " 29 .00 " 28,60

( Contd)}



175

Sx103

aun No cms . Cms/See ¢ s
D - RD
v

X= 1 19,69 2.875 31.20 14,0 18,65
e & 20,24 " 39,70 " 27.05
APX- 8 T4.00 " 20 .30 L 13.76
iPK- 4 14,19 " 19 .40 27,0 14.00
APX-8 23,88 " 35,40 1 29, 40
APX- 6 23.93 L 41 .40 L 26.70
APX- 7 33,55 0,75 23.90 27.0 20.3

APX- 8 23.40 L 16,75 i 21 .50
A PgW=1  14_42 2.875 27«50 15.0 13,83
LPpW-2 19.4 n 35.90 " 18.20
MPoW-3 27,32 " 46, 50 E 25,15
AjPoW-4 33,29 075 26.70 28.0 29 .60
A]_P2W—5 24:098 i 20r 60 i 28305
ApPoW-6  17.78 " 13.84 17.00
MPeX-1 27,51 2,875 49,30 15.0 24.70
A PoX~-2 19,38 " 37.80 L 1806
hPoX=3 13,34 J 24.90 " 12.85
i PoX=-4 16,45 0475 15,60 31.0 15.60
b17oX=5 24,99 " 20.90 " 23,10
L1 PoX-6 32,82 " 98,40 1 28.80
MP X-1 13,73 2,875 24,40 14.0 13.25
§F X-2 19,14 " 35.50 t 17.95
8P X-3 27,64 i 49 .00 " 24.80
AP X-4 3.4 (28 27.60 30.0 28.70
P X=5 23,87 " 20.80 i 22,10
P X-6 16,86 L 14,05 n 16.10
I Pl=1 . 30,92 " 27 .60 31.0 29,00
LL:IL_PET -2 24,38 " o ) 1 oAk
[ PoT=3 16,75 " 14.05 " 16.05




FABLE « IJ 1,?‘6

SUMMARY OF WIND TUNNEL DATA OOLLECTED BY THE AUTIOR

ON NORMAL PLATES KEPT 1IN MIDSTREAM AND PROVIDED WITH
A TAHILPLATE

—_— ———

nun No Cms Gms m/s Ly . C veroce)
h D v 3 ! i n

bl 210 32«40 L2420 8700 G

N o " 9.70 3700 1402

: 8

v .3 n " 8.55 38.0 1.56

=4 n n 6. 86 1 iNe 1,60

=1 4,00 32,40 11.90 AT 2,00

Yomid n n 9,61 30 1.99

O=3 n n .25 38,0 1.92 1.97

0=k n n 6.82 3350 1.88

) n " 9.63 X8 2.26 24+26

=3 H n 8.35 ) 2.29

A el " n 6,84 4.8 2,28

M=1 00" BEx20 10.80 2.0 ikl

1‘{""2 1 n 9.61 80.5 2.48 204:8

M=-3 n n B.85 TRy 2.44

Me=d n n 6,85 36,5 2.54

L"2 u n 8. 28 34:05 2.90

.L"'3 n n 6.80 29.5 3517

K=Y 14.00 8500 128e20 28 .0 B, e 5 35

Ko 2 " " 18,10 32,0 2.34 o

£=3 M 0 24.60 32 10 2,40

¥=1 5,00 - 8l.00 s S o) 29 .0 L o0 1 .65

Y=-2 n n 21.90 25.0 1 .62

A n n LS2ED 250 1.64

Z=1 200 BL00 12,10 28.0 1.56 1 .56



SUMMARY OF

TABLE - III

JIND TUNNEL DATA COLLECTED

177

BY THE AUTHOR ON NORMAL

PLiTES IN A TURBULENT BOUNDARY LAYER.
1311 0 % a
i A A - 0
P ( Average’

C-1 4,86 1,00 82,40 12.45 19.0 0.75 0,76 0.62
(o=t 1" n 1" lo.lo 1" O°’7’7
Fa=1 0,70 2,00 32.40 12,10 2845 1.24
Pa=2 " v L 9.62 30.0 1,26 583 1,03
L a=3 n " " 682 81,0 1,18
. )"'l 01.12 2.00 32.40 12080 25.0 1.18
Uy=- 2 B " T 9,62 30.0 113 YalG 085
Po= 3 ® " n SoEnY o S0 A 38
¥o= 1 1,68 2,00 - 32.40 18458 27.0 1.12
Fowmd W " " g.0% . B0 ke - L0e 0.93
I e " n " Be aped 12
Pd_ 2060 2.00 32.40 12.70 29.5 1006
Pa= & 1 L . 9,57 2845 Ll 1.056 Qw87
Pye 3 - ¢ " 6.76 28,0 1507
Pe- 1 24280 2,00 32,40 12,80 2345 0.99 0429 0.83
Fp= 1 3440 2,00 32,40 12470 29456 0,97
Pg= 2 B ¥ - 9.62 31.0 1,01 0.98 0.82
re- 3 . " n 6.85 34.0 0.96
P.= 1 3490 2.00 32.40 12,65 32.0 0,26

e ’ " 9,26 n 0.98  0.97 0.81

o~ a n " 6.82 " 0,96

( Contd)



1 08

X v L

'L ” i) 2
:;1 Cns  Oms Cns. /s ¥ Cp Cp Cp

o
(Average) (average)

P.h.— - 4.85 2.00 82040 12@75 29.0 0097
Yh" 2 " W il 9.83 30.5 0.92 0.95 0.80
Por B ] " 6.82 32.0  0.97

f * 1 0tk 4,00 32.40 11,65 24.0 157

Mg 2 - 2 - 9.,50 s 1377 B 13318
A= B " " n 6,72 " q. .74
Ab— R 4,00 832440 d1.80 3840 Lyt
ap= 2 " " " 9.67 38,0 L5866 1,55 1.07
M " "o 887 8 1.84

A= 1 1,68 4,00 32.40 12.085 26.0 1.46

A.C" 2 1, u i 9.46 2200 1037 1.41 0597
ho= 3 i - s 6470 2840 1.39
ll.d.- 1 1.84 4.00 82.40 11.85 12.0 1042
e e M " W RLeBE ABiE.  Lest fea8 1.00
Salg " I R
t"x.\i" 4: n " n 6.67 21.0 1054
Ae- 1 2.9 4,00 38,40 12,06 &gL:0 187
sgm 2 ] 8 "o A6 Bl L;87 L8 0.93
&O— 3 n n u 8-13 18(!5 1030
be™ & /5 . B 5.35 " 1:80
hp= 1 2,60 4,00 32,40 12.20 22.0 196
ap= 2 " n n 9.47 £2.8 1,288 L33 0.91
e @ " n " 6,60 22.0 1.35

( Contd)



Run Cnis. Cms Cms m/s 7°
4, : 7] 5 A c Cp Cp ) CDg
(Average ( Average)

A= 8,40 4;00 32,40 12,06 21,0 1.27

™ o " i 9.42 200 1.34 182 0.91
[‘L."‘,l‘ L n n 6.72 24.0 1036

A,h- 3.90 4,00 32.40 12.20 32.0 1.34

""‘h_ i " o 830 3240 1,830 1:.34 0.92
Ay n n n 6. 80 8240 1,38

Aj= 4,50 4,00 32.40 12,00 18,0 1:31

Ay - A L L 9,40 18:0 1,30 e HJCE S
Ay = L n " By87 BOGD LB




TABLE - IV.

f

@ )

C
=

SUMMARY OF WIND TUNWEL DATA COLLECTED BY THE AUTHOR ON NORMAL
PLATES ( ROUGHNESS ELEMENTS) KEPT IN SERIES ON THE FLOOR .

Aan Cns (ms Cms m/s TO C( Average)
5. h D L v - Cp D

¥ ':_O"l 2.00 32040 80000 11.80 29.0 1.05

Pap™e " " n 9.65 S04 0 1.G8 1.02
;iO-B n n n 8,38 32.0 1,01

V-4 n n . 0.99

320—2 n n v n 25.90 4:0.0 0057 0.5’7
390-3 b v N 20 -lO 39.0 0056

"130—4: 1l n n 18.35 40:0 0053

A?O—l 4,00 32,40 8000 877 14,0 L R8

EL?o-g " n n 8.85 20 ,O 1025 1.22
hop=3 n n L 8.18 210 1.18

:’\«_30—4 " n 1 6.70 21.5 i .21

Pog=l 2,00 32.40 40,00 11.25 30.0 0474

P g2 ] " " 9.5  27.5 0.71 ——.
I3 " " " BiBY . S0 Oe78

Pog=d n n n 676 ZB.D 0.73

R20=1 3:00, 384 00 10458 2.0 . § s
Hog=2 " " " 8,11 " 1.03

H0=3 n " n 6.75 n 1.07

{ Comtds)



¥

o

wan Cms Cms Cms m/s e ¥
h D 1 v & CD CD( Average )

15~1 3,00 81 .00 45.00 38:10 43.0 0.48
Br5=2 J ¥ " 27,80 43.0 0.46 0.47
)15-3 n B i 2290 42,0 0,46
B 5~4 n " n TE, e 41,0 046

AlS-l 4,00 3340 80,00 9.58 Bl 5 1L Sl
n15—2 n n n 8.75 16.0 1.7

L1.5-3 n " R e 1.08 23
A15~4 B n n 6,67 204 114
1 el 200 32,40 0. 00 S0 62 12.0 0.62

15-2 " n n 9.46 22.0 0.64 0.62
7 5=3 " " u 8220 2350 0.60

154 . " " 6.70 " 0.58

Wy 2500 Hl 50 0«00 8280 38,0 Cs33

\LO—2 f n fr 28,00 40.0 0= 33 (e 3.
_0-3 " n L 24,80 39.0 €50

xx\_'l_lo"l 4.00 82.4:0 4.0000 9060 16.0 0060

¢L_"|_O—2 " n i 8.79 19,0 0.62 D65
Q.03 L n n 8,10 14,5 0.68

,30-4 1 n n 6,64 i ST 0,68
JlO-l 2,00 32.40 20500 LR EPE 30.0 0.46

i, n n 1

,10 9 460 A0%.5 Qs 0.45
13 " i i Baa2 i1 6] 0.42

Tors 3 " L 6,53 2820 0.44

(Contd)



aun

m/s

Cms »
e h D L v C CD CD( Avsr ags)
:\LLO-l 3.00 32,40 30 400" LRSS 2 e 0 6 #6d.
J.JLLO—2 n n " 8.27 4] 0070 Oo 62
ﬂ] 0_3 1} 3] 3] 6“75 11 O' 57
i[lo—l 6.00 32.40 60.00 9.89 17 oO 1.27
M10=2 " n n 8.85 Be,5 1,84 1.31
1110—3 " 1 n 8,15 18.;5 1030
¢10-4 " n n 6,68 21,0 L. 88
By herat 3,00 8. .00 22,5 33,20 41,0 0.24
“'I? . 5_2 " & " 29 . 80 A-Cl .O O 021 O '22
_:)"?.5"'3 N i ! 25040 4000 0521
By, 5=4 n " " 17.B0" 3840 0.22
dr &= 4,00 38,40 30:00 "H.45 14,0 0» 01
w7, 5=2 n n n 8,13 17 0 0481 0.53
b7, 5m3 n n n G880 21.0 0.54
Braate (B.00 32,40 1500 10460 1340 0.348
P ot n L n 9,34 14,5 0.301
oy 5=3 u i " 14 s 0.375 0,36
;7.5-4 n n n €:64- 18.0 0.369
My, 5-1 6.00 32,40 45,00 9.70 15,68 1,08
M7.5-2 " n n 8.87 16,0 0.98 1.00
My 5=3 n " " 8,14 18,0 0.96
Mo 5=4 L " o 6.66  20.0 1.02
RS T 3,00 8100 15,00 -84.88- . 40.0 0,15 0,14
5= 2 " N " 30.80 44,0 0.14
B o3 u " n 18.80 S50 O 14

{ Jortdd
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Run Cms Cms Cms m/s s Cp Cp( average)
hs= 1 4400 32,40 20,00 9.52 12.5 0.39
As= 2 " n " 8.75 16.0 0.35 0.39
As= 3 " L " 8415 19.5 0.42
5= 4 . " " 6,59 18,0 0.40
Pge 1 2,00 38,40 10400 10480 18.0 0.22
Fom 2 " 4 " B.44  £1.0 0.23 0.28
ey " " " g8 . 240 . 0.2
)
Ried 2a00 884D 15,00 10.45 875 0.28
Re- 2 n L " 8.27 n 0.33 0.29
s 8 n n " 6.75 a. L OaRT
L5
=1 6,00 32,40  30.00 9.13 16,0  0.63
[w & " L " . 8.04 13,0 Gl 0.62
e 8 " " " 6,63 16,0  0.65
,.571 3,00 81.00 7450 34,70  44.0 0.055
). 52 " " " 31.10 44,0 0.045 0.05
S " " " 26,60 44,0 0.051
o n n 8.15 20,0 . 04158 2424
1’).5"'1 2.00 32040 5:00 10.80 23-0 00056
Py 52 " " " 9.47 " 0.037 0.05
o 5-3 " - ‘_,__--" L0920 +3.0 0.053
(3 . “,\'L “3}? ;
o™ e
: 0"( -
| y { ROCRKE \ i =
W
%*a;;i?
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