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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 studios viere carried out in a tilting flume

with water and also in two wind tunnels, one of them being an

open r"'rcult tunnel & other of the closed-circuit type. Experi

ments were carried out to cover the following aspects of the

problem :-

a) Effect of contraction of the stream on the drag

coefficient o^ sharp-edged plates.

b) Effect of submergence of a normal plate in a

turbulent boundary on the drag coefficient of "^he

plate.

c) Porm resistance of an element kept in series on a

plane boundary and the total resistance of the plane

boundary.

d) Effect of introduction of a small roughness element

in the wake of a large oni_ on the resistance

characteristics 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 related 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 insight into the problem of resistance

of artificial roughness elements,

#•* *
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Symbol

A1'B1

B

P

C

c.
D

JD
o

D.

%

D.

a,

p

D

LIST OP SYMBOLS

Meaning

Projected area of a body on a plane

normal to the direction of motion

Constants in resistance equation

Width of channel.'.' ,

Momentum correction 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

Drag coefficient corrected for

blockage according to Maskell

Drag coefficient of an element in

the primary series

Drag coefficient of an element in

the secondary series.

Unit;

Metre

Dimension-

less

Metres

Dimension

less

1/2/
m ' /sec

Dimension
less

I !

» I

! I

1 1

6

Dimen

sion

L

-/21



Symbol

C1'G2 =

°Rbc -

Meaning

Constants used in the resistance

equation.

Thoy'! hase pressure corrected

for blockage used by Maskell

Constant used by Morris

Depth of test section of the wind

tunnel or depth of flow in the

flume measured from the floor

Diameter of the coac'uit

Sediment size for i/bich 50 percent

of the material by weight is finer.

Units Dimension

Dimension-

less

w

D

D

50

a
65

d
90

?

e

p

F
d

11

i i

cms or

metres

= Sediment size for which 65 percent

of the material by weight is finer

= Sediment size for wiixch 90 percent

of the material,by weight,is finer

= Thickness of the boundary layer de- cms L

fined so that the velocity at the edge

of the boundary layer is equal to 99

percent of the free stream velocity

= Lateral spacing between roughness cms 1

elements

= Mass density of the flowing fluid Metric.
slug/m

=s Blockage coefficient used by Maskell Dimension-
less

= Porce acting on a unit length of kgm/metre

a two-dimensional element

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

i i

Metres

! I

I I

L

L

L

M/L3

M/T"

,2ML/T
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Symbol Meaning • Unit Dimension

P / 2
B = Porce acting on a strip element kgm ML/T

of width B

Pr = Proude number of the flow Dimension-
less

Fr_n = Froude number corresponding
i t _

to neutral stability

f = Darcy-Weisbach resistance coeffi

cient '•„-.! ' '

f = Darcy-'v.'^isbach resistance coeffi- ' '

cient for the smooth bed

2 ng = Acceleration due to gravity Metre/sec u/•*

h = Height of roughness element cms L

h' = Height of roughness element in cms L

the secondary series

h~ a Head loss in a length of conduit metres or L

L
c

cms

2 = Width of groove in a bed with metres I

roughness elements

K = Karman's constant Dimension-
less

K a Equivalent Sandgrain roughness metres
s

of the bed

K' a Resistance parameter v/hich is a Metres I
s

function of the roughness geometry

ft = Mixing length Metres L

L a Spacing between the roughness cms L

elements

L = Length of conduit Metres L



Symbol

x

h

n

V

u

pu

pd

p

R

h
R

Meaning

a Distance of the small element from

the large element

= Spacing of elements in the secondary

series

=. Roughness concentration,defined as

ratio of projected area of roughness

elements to the area of the bed.

= Dynamic viscosity of the flowing

fluid

= Manning's roughness coefficient

a 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 57 from the floor

=3 Average pressure on the upstream

face of the element

= Constant pressure on the downstream

face of the element

= Perimeter of channel

a Hydraulic radius of channel

= Hydraulic radius with respect to bed

a Reynolds number of flow

_ Unit weight of the flowing fluid

9

Unit Dimension

cms L

cms L

Dimension
less

kgm sec M

m2 LT

-1/3
metre T/L1'3

sec

m2/sec L2/T

metres

kgm/m M/DT

1 1 I t

! f I I

t I > »

Metres L

Metres L

Met re s L

Dimension -
less

2m2kgm/m° M/L^T
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Symbol Meaning Unit Dimansio-
3 2 2

Difference in unit weight of the flowing kgm/m M/L I

fluid in an open channel and the fluid

. above the free surface.

S = Water surface slope Dimension
less

t = Thickness of the roughness element cms L

2 2
T a Average shear stress on the bed kgm/m M/LT

Pree stream velocity metre/sec L/I

Velocity at a height 'h' from the tt n

floor

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

V = Average velocity in the vertical centre '!

line of the tunnel

V = Average velocity in the vertical centre 'r

line of the tunnel corrected for blockage

V = Average velocity over the cross section

of the channel

^r.

0

u
0

Ah

u

V* = Shear velocity = / X0/g

i i

I !

it ii

! t

X,Y a Constants used in Kcloseus's equations Dimension
less

y a Height measured from the floor Metres L

Z = Constant used in KoloseiB's equation Dimension

-:o: -
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CHAPTER - I

INTRODUCTION

1.1 Preliminary Remarks :

The problem of prediction of resistance to flow in

open channels has attracted the attention of engineers for a long

time. A knowledge of the resistance to flow in open channels is

essential in the design of canals, 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

channels is much more difficult than in t ho case of flow under

pressure through pipes. Firstly, while one is concerned mostly

with pipes of circular cross section, the cross section of open

channels may be of any shape from circular to an irregular form

as in the case of natural streams. Also , the configuration and

arrangement of roughness elements encountered in case of natural

open channels are almost infinite; as a result, the range of vari

ation of the resistance coefficient is much larger in open channels

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 logarithmic

velocity distribution law have been noticed (17,23) in the flow

past a boundary with fairly large-sized roughness elements; this

* Numbers in paranthesis relate to References given at the end.
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departure would necessarily introduce some inaccuracy in the resis

tance relation obtained by integrating the logarithmic velocity

distribution equation.

Nevertheless,empirical resistance relations like the

Chezy's and the Manning's equations have been developed and those

are useful under a limited range of e»onditions. The Manning's

equation, in particular.has become a widely accepted resistance

relation for rigid-bed open channel, flow. In using this rela

tion, the roughness coefficient 'n' for a channel is fixed by

experience or by reference to standard tables (7) in most cases,'

however, in the particular case of flow over a hydrodynamically

rough sandy bed without motion, the Strickler's equation, viz ;
d1/6

n a in metric units (1.1)
24

is commonly used. In the above equation, d is the representative

grain size in metres. But there appears to be no agreement on the

effective or the representative size of the material to he used in

the Strickler's equation. While Einstein (8) has used dg5 (the

size for which 65 percent of the material by weight is finer) and

Meyer-Peter and Mueller (15) have us^d dgQ (the size for which

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

slightly different numerical constant, - the size d5Q (the size

for which 50 percent of the material, by weight, is finer) has

been used as the effective size by many others. Apparently when

the effective resistance is the combined effect of a number of

different roughness elements (as is the above case ), there seems

to be no reliable procedure of evaluating the total resistance

accurately. The case of flow over an alluvial bed with motion is



another highly involved problem of this category. In this case at

shear stresses largo enough to cause movement of the sediment,

sediment motion is accompanied 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 is the effective sum

of the grain resistance and the form resistance of the undulations

and no accurate method is available at present to predict the

resistance coefficient for such channels.

1.2 Studies on Artificial Roughness Elements :

The resistance characteristics of commercial pipe-

surfaces can be conveniently expressed interns of an 'equivalent

sand grain roughness' as a result of the experimental work carried

out by Nikuradse on sand-coated pipes and by Colebrook and White

on commercial pipes (38), Based on experiments on artificial

roughness elements, a number of efforts have been made to evolve

a roughness standard for open channels, similar to the sand grain

roughness for commercial pipes. Notable among these are the works

of Schlichting (38), Powell (28), Johnson (12), Basha (6), Adachi(2J

and Sayre and Albert son (37). But they have not met with the

same remarkable success as the work leading to the sand grain

concept for natural pipe surfaces. An attempt by Basha (6) at

comparing the resistance characteristics of alluvial channels and

those of a channel with artificial roughness elements indicated

merely a qualitative similarity. Further, all the above studies

were concentrated on the total resistance of a plane boundary

interspersed with a regular array of artificial roughness elements,

without regard to the individual roughness effects.
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A rational approach to the problem of resistance of a

composite bed (defined here, as one comprising of different types

and sizes of roughness elements) was suggested by Einstein and

Banks (9). They carried out flume experiments with different

combinations of various types of roughnesses and found that the

total (effective) resistance could be obtained as the sum of the

resistances offered by the individual roughness elements. Also

for the roughness concentrations studied, it was found that the

roughness elements could be treated as discrete and the standard

values of drag coefficient (36) (for case of unlimited extent of

stream without any velocity gradient)could be used to predict the

resistance offered by the roughness elements.

1.3 Interference Effect :

The above findings would imply that the interference

effect - namely, the effect of the presence of a roughness ele

ment on the resistance of the other roughness elements or on the

resistance of the plane boundary - was not appreciable. In other

words, according to this approach, the effective resistance can be

obtained as the sum of the plane boundary friction over the whole

area and the form resistance of the roughness elements calculated

using the listed values of drag coefficient (36); thus, each

element is being treated as if kept isolated in a stream of infin

ite extent and is also assumed to exert no influence on the plane

boundary friction. However, over a wide range of roughness

patterns and spacings, one would expect that the interference

effect would be important ^il needs to be considered in the ana

lysis. In fact, the drag coefficient of the element would be

in general, a function of the depth of the stream, the type, size
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and arrangement of the roughness elements, and the area on which
Plane boundary friction is effective would depend on the roughness
pattern and size also. It may bo monti02ied that in the problem of
alluvial channel resistance, an attempt at considering the effect
of presence of bed forms on the grain resistance has been made by
Tsubaki (39).

Thus, in applying the approach of Einstein and Banks

(9), to acase where there are different typos of roughnesses on
the bed, it is very essential to evaluate the effect of interfer
ence on the resistance parameters. Considering the case of aplane
smooth boundary on which artificial roughness elements are arranged
at different concentrations, the following information is essential
in thoroughly understanding the mechanism of resistance of the bed:

a) The drag coefficient of arepresentative roughness
element and its variation with the roughness concen
tration and other flow parameters

b) the effective area of the piano boundary on which
skin friction would act and the variation of the

friction coefficient for this area with the relevant
parameters.

1.4 Drag Coefficient of the Roughness Element :

It may be mentioned that very little information is
available on the two aspects of the problem, mentioned above.
Though information on the drag coefficient of bodies held in an
uniform stream of infinite extent (the term uniform has ^oeen used
here to indicate aflow region in which there is no velocity
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variation across the flow) is available (36) only limited

studies have been reported (4,21,26) concerning the resistance

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

a boundary is different from that past a body held in uniform

flow in two respects; firstly the wake behind an element kept on

the boundary is of the non-oscillating type, while that behind a

body in uniform flow is of the oscillating type. The plane boun

dary, apparently, places a restraint on the tendency of the

vortices shed in the wake to oscillate. Secondly, an element

placed on a boundary would be submerged in a boundary layer,

while the element held in uniform flow is in a region where there

is no velocity gradient. For these two reasons, one cannot use

the available results for uniform flow without the plane boundary

restraint on the vortices, in the present case. Further, inform,,

tion is also lacking concerning the variation of drag coefficient

of a roughness element, when placed at various concentrations on

the boundary. The skin friction on the plane boundary with arti

ficial roughness elements is another aspect of the problem, which
needs detailed study.

1.5 Scope of the Investigation :

Tnis investigation was, therefore, carried out with a

view to enable a bettor appreciation of the mechanism of resistance

to flow over artificial roughness elements kept on aplane boundary
by providing information on the two aspects mentioned earlier. It

is nopod that cho information would be useful in studies on arti

ficial roughness elements aimed at evolving a roughness standard

on in problems concerning the prediction of the resistance of a
composite bud.



2 0
The problem posed for investigation was simplified by

restricting, the studies to two dimensional roughness elements,

placed laterally across the width of the channel. Sharp-edged

strips of negligible thickness were used as the roughness elements,

since the drag coefficient of these strips would be independent of

Reynolds' number over a large range of Reynolds number. The won:

was programmed to provide the following information :.

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

A single element kept on a boundary would form a

limiting case of a plane boundary with artificial rough

ness elements at various concentrations. The results

of this part of the study would also be of help in the

estimation of wind forces on isolated structures.

b) Effect of variation of the spacing parameter of rough
ness elements in series on the total resistance coeffi

cient and on the drag coefficient of the representative

element in the series. The spacing parameter 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 ratio of the flow depth, D, to the height of the

element was varied from.3„0 to 27.0

c) Resistance of a small roughness element placed in the

wake of a large one and the effect of introduction of

the additional roughness element on the resistance of

the larger one:- The results of this part of the study

would provide some preliminary information concerning
the shelter .ng effect of the coarser particles on the

small particles of the sandy bed of an alluvial channel.
-:o:-
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REVPEW__OP LITERATURE

2.1 Preliminary Remarks :

Many investigations concerning the problem of resis

tance to flow over artificial roughness elements have been carried

out in the past. These investigations have been conducted by

hydraulic engineers, as well as the aeronautical engineers. The

•studies conducted by the aeronautical engineers throw light on the

characteristics of flow around single roughness elements, the vari

ation of their drag coefficients, etc. The studies conducted by
hydraulic engineers mainly relate to the case of a series of

elements on the bed of an open channel and the effect of the

roughness concentration on the resistance coefficient. The sali

ent features of both the above categories of investigations are

reviewed in this "hapten to illustrate the various approaches that

have been made in the past and to bring out clearly.those aspects
on v/hich information is lacking.

Por the purpose of this investigation, the review of

literature has been divided into two categories :-

a) Studies on the resistance offsingle roughness element,
most of these studies having been conducted in a wind

tunnel,

b) Studies on the total resistance of a plane boundary

with a series of roughness elements placed on it, most

of those studies being in open channels.



222.2 Studies on a Single Roughness Element :

Roshko <52) 1955> while studying the characteristics of
flow past bluff bodies, found that the shedding frequency of '
vortices behind acylinder and its drag coefficient adduced
by the provision of atail plate parallel to the flow and along
the plane of symmetry.

Arie and Rouse (4), 1956, studied the characteristics of
two-dimensional flow over aplate kept normal to aplane boundary.
The experiments were performed in the uniform test section of an

open-circuit wind tunnel. The problem was simplified by elfriina-
"ting the effect of the approach boundary layer by placing the
plate vertically in midstream (away from the plane boundary);
tout the non-oscillating character of the wake was maintained by
1the provision of atailplato which was symmetrical with respect
*o the test plate and normal to it . The tail plate extended in

the downstream direction a distance slightly greater than the

length of the standing eddy. The separating streamline down

stream of the test plate was approximated by a Rankine oval and

it was assumed that the streamlines at a considerable distance

from the plate would approximate those in irrotational flow past
the Rankine oval. Based on these ideas, the streamline confix
ration in the vicinity of the tunnel floor and ceiling were
determined . The calculated co-ordinates of the streamlines were
corrected taking into account the fact that a boundary layer would
develop along the tunnel floor and coiling. To obviate the effect
of the presence of the tunnel floor and ceiling on the flow,false
boundaries shaped to the corrected streamline profile were intro
duced at the top and bottom. These were then smoothly joined to
the bell-mouth entrance.
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However, since the flow over a plate fixed on a

boundary departs from the irrotational flow past a Rankine oval

due to the presonce of turbulence in the wake, the corrections made

in the boundary profile were found to be inadequate. Hence addi
tional analytical corrections were made and the analysis of the
experimental data led them to conclude that;

a) the use of measurements made on bodies placed in mid
stream to approximate 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 normal to the flow and with a tail plate

is 1,38 and thus only bwo-thirds that for a normal plate

in uniform flow without a tail plate; also, the relative

pressure change. pd ~ po ,
iT~~T7~ (.where p^ denotes the(O K^/z *o

ambient pressure, P(1 the constant pressure on the rear '

of the plate, fthe mass density of the fluid and TJ
o

the free stream velocity) in the former case is

- 0.57 (vide Pig, . 2.1) and thus less than half the
value of -1.36 inthe latter case

and c) the length of the standing eddy behind anormal plate
with a non-oscillating wake is 17 times the height of
the plate.

Rouse_(33), 1961,. From the aW measurements of the

mean flow and turbulence characterisiias, Rouse (33) evaluated the
various terms involving turbulent fluctuations in the equations of
motion.

Hqgabhushanaiah (2l). 1961, extended the work of Arie and

Rouse (4) by evaluating the effect of the approach boundary layer
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on the flow past a flat plate placed normal to a plane boundary,

(It may be noticed that the work of Arie and Rouse corresponds to
the case of zero thickness of boundary layer). He conducted

experiments in a wind tunnel 1.83 m x 1.83 m in cross section and

20 meters long, using plates of height ranging from 1,25 cm t

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

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

was varied from 0.67 to 17,0 , (6 is the height from the wall at

which the velocity is 99 percent of the free stream velocity).

The drag force on the plate was obtained by pressure measurements

and the data were not 'corT-oL-d 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 plane boundary is 12 times the height

of the plate and is independent of 6/h in the range of \
0.67 to 17', it may be mentioned that at 6/h equal to

0, the length of the standing eddy is reported as 17'h

by Arie and Rouse (4),

b) The resultant force on the plate acts at the mid-

height of the element, while it acts at 0.45 h from

the bottom in the case when 6/h equals zero.

c) The drag coefficient QTJ , defined with respect to
the free stream velocity varies as shown in Pig «> 2.2

showing a continual decrease from a value of 1.20

at S/h equal to 0.67, with increase in 6/h.

E^^J^iim^^^^^l^n^m (22),1962, studied the effect

of length of a tail plate on the flow past a model with a blunt

0

'0

h
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trailing edge «d asharp nose at subsonic and transonic flows.
They found that the dimensionless pressure Pd~Pp increases
with increase f U 2 .

Ij-n length of the tail plate, for agiven Mach number. With
fairly large lengths of tailplate, the dimensionless pressure on
the rear tends to approach that for anegative step.

Abbott and Kline ,.(1), i96S performed studies in open
channels in which sudden expansion was provided on one side and
also on both sides,. Visual observation of the flow by introduction
of dye, led them to classify the entire region of separation
into three zones. The first ZOne. called the three-dimensional
zone and located immediately downstream of the expansion, was
characterised by one or more vortices rotating about an axis
normal to the wall (and parallel to the floor). The adjacent
vortices in the zone were found to rotate in opposite directions
and were not of the same size always. The average number of
vortices for an expansion on one side was three and they were
two in number in case of an expansion on both sides.

The second zone called the two-dimensional zone is
immediately adjacent to the first zone and contain the classical
separation pattern. That is, the flow in the region close to the
wall is in the upstream direction and in the region close to the
main flow, the particles move in the downstream direction. The
overall length of separation includes the above two zones and a
third zone at the end of which some fluid near the wall tends to
move into the upstream separated region.

The lengths of these different zones were determined
for the case of the single backward step as well as the symmetrical
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expansion and they were related empirically to the flow geometry.

Maskell_(l4), 1963 , performed a semi-theoretical analysis

of the effects of blockage 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 stream

lined bodies like aerofoil sections. An analysis of the blockage
effects on flow past bluff bodies was therefore, carried out

and the results led him to conclude that the constraint of the

tunnel walls can be interpreted as an effective increase in

stream velocity. The correction proposed by Maskell is applicable
to bluff bodies with fixed separation points (in the range of
aspect ratio from one to infinity. Por the case of a normal

plate of any shape kept in midstream but without atail plate),
the correction can be written in the form ;

c* • ... ...

1+£ CL h/D '(2;,2)
1

Where S^ DraS coefficient with respect to the free-
stream velocity of a plate of area 'A • held

in a tunnel of cross-sectional area rA «
t

GD^' I/raS coefficient with respect to the free-
stream velocity, but corrected for blockage

c

effect,

and £ - i/n t .

Wherti °P.,„= 3ase Pressu"e corrected for blockage effect.

The value of {: was found on the basis of experimental results of
various investigators. Per the case of a two-dimensional normal
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plate in midstream (but without a tail plate) £ was found to

bo 0.96, so that equation (2.2) can be written as follows,
for this case ;

cD

^c — (2.4)
1 + 0.96 °D h
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The applicability of the abovc equation to the case of

a two-dimensional plate provided with a tail plate ,however,
requires verification.

Modi (16), 1964, Donduoted experiments in a wind tunnel

with the object of studying the resistance characteristics of

two-dimensional inclined n^tes kept on a plane boundary, His

Experiments revealed that for plates inclined between 30° and

^0° to the upstream direction, the length of the standing eddy
behind the plate is approximately equal to 12 times the projected
'height of the plate,

Mueller, Korst an^how.(2Q)> 1964, carried out a semi-

theoretical analysis of the characteristics of the redeveloping
'boundary layer downstream of the standing eddy behind aroughness
element. A method of predicling the velocity distribution in

*he redeveloping boundary layer under zero pressure gradient was
developed.

223*e...(.8£). 1964, conducted an experimental investiga
tion of the drag on a smooth boundary with atwo-dimensional
vertical roughness element immersed in the turbulent boundary
layer on the boundary. The flow pattern for this case, originally
presented by Hate, is illustrated in Pig , g.3. The experiment.
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work for the study was carried out in a wind tunnel having a

1,83 m square tost 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 6/h was varied

from approximately 2.5 to 12.0 (6, the boundary layer thickness

was defined as the distance from the wall at which the velocity

is 99 percent of the free,-stream velocity). Experimental results

have been presented concerning the pressure distribution on the

vertical strip, and the variation of the friction coefficient for

the plane boundary downstream of the roughness element. The

main conclusions from his investigation are as follows '-

a) The drag coefficient C- of the roughness element
Dl

is related tc $/h hj the equation,

\ = 1.0« (*/«)' (2.5)

(The equation has been used to show the variation of

CD with 6/h on Pig, _ 2,2. The difference between

Plate's and Nagabhushanaiah's results are obvious)

b) The negative friction in the standing eddy cancels

approximately with the positive friction downstream

of the re-attachment point over a distance of 35 times

the height of the clement. Further downstream of this

point, the friction coefficient is approximately equal

to that obtained at the same point by treating the

boundary layer as an undisturbed one.

Summaryn: As a result of the above review the following
comments can be made :
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•a) The flow past a roughness element placed in uniform

flow without a tailplate differs from that past a

plate in uniform flow with a tailplate; in the latter

case the wake behind the element is of the non-osci

llating type and this leads to a decrease in the drag
•coefficient >..

;h) The drag coefficient of a normal plate in a boundary
layer decreases continually from a value of 1.38 at

6/h equal to 0; however, the difference between the

findings of Plate (26) and Nagabhushanaiah (2l) regar

ding this variation, suggests need for further study on

the problem. Further, the use ofrthe above methods

does not lead to the prediction of resistance of a

plate kept in a stream of finite depth;.a method which

could take this flow parameter into account would be

useful in problems in hydraulics. '

c) The length of the standing eddy, behind aplate kept
on the boundary is approximately 17 times the height

when 6/h equals zero, but at values of 6/h greater

than zero, the length is approximately 12 times the

height of the element.

2.3 Studies on a Series of Roughness Elements :

Though the concept of Nikuradse's sandgrain roughness
(combined with Colebrook-Khite transition function) has been
known (38) to be valid for commercial pipe surfaces, extension of
the concept to surfaces with artificial arrangements of roughness
elements needs experimental study. One of the earliest attempts
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at evaluating the effect of the roughness concentration on the

resistance coefficient was made by Schlichting (38). He conducted

experiments in a rectangular conduit under pressure, artificial

roughness elements of different snapes being arranged at various

concentrations on the bottom of thp conduit, The values of K
s '

the equivalent sand grain roughness, were determined by obtaining

the velocity profile in the conduit and then applying the log

arithmic velocity distribution equation. The above values of K
s

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 experiments with two-

dimensional strips of some finite thickness placed on the bed of

an open channel. Por 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

strip dimension t/h between 1.25 and 4.0 may give the maximum

value of Ka/h. (Here t is the thickness of the strip)

•Powell (28), 1946, studied the variation 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

Kg/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

Proude number less than 1.69, but is a function of Proude number

also at Proude number greater than 2.49', no data were collected

in the range of Proude number from 1.69 to 2.49. (Chezy's co

efficient 'C is given by the equation" = C/~RS~~ where V

is the Mean velocity of flow over the cross section of the channel,
H the hydraulic radius and S the slope of the water surface).

2J£§±^n_j^B^n}^(9), 1950, suggested the rational

procedure of treating the total resistance 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 combinations, 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 values for isolated cylinders at the appropriate
Reynolds number. Further, the total resistance as measured in a

case where all the above roughness elements were present 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 pegs, apart from the concentration of pegs
would influence the resistance. However,. Herbich and Shulits (11)
and Morris (17) have expressed the opinion that the arrangement of
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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Robinson and Albert son (3l), 1952, used short angle irons

as discontinuous roughness elements on the bed of the flume, in

their investigation . They used angle irons of length equal to

four times the height 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 roughnesses, viz. 1.27 cm

and 2.54 cm and obtained the following relation between C//g~

and D/h on the basis of their experiments :

0/== = 4.70 log D/h +1.31 .(2,6)
' g 10

Here, g is the acceleration due to gravity.

Morris (17) , 1955, analysed the dat? on ro^igh and

transition boundaries of conduits in a fashion much different from

the conventional. He quoted instances in which the transition

region on the plot of friction factor 'f versus the conduit
or

Reynolds number Ru yielded horizontal£rising curves, while the

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

falling curve. Here
~t2

fL V"

hf • -apr- (">
_ c

and R = c (o •• \

where D is the diameter of the conduit, h- is the head loss

in a length of conduit L and V is the kinematic viscosity of

the fluid. Even for cases where the usual falling characteristic

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

K was a function of R and pipe diameter. As such, Morris
S 6
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concluded that the sandgrain concept was unsuitable in cases

other than the uniform Sandecosced surfaces.

Morris classified the flow past a boundary with

roughness elements on it into three categories :-

a) Isolated roughness 'flow :- In this type of flow, the

wako zone and vortex-generating gone 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

t = fs (1 +67.2 CD ?- „ ~ ) (2,9)
J-

where f is friction factor for the plane boundary

at the Reynolds number of the flow,

P is tho total perimeter of channel

and p is the perimeter of roughness elements in a

cross section,

b) Wake-interference type of flow :- In this case the

roughness elements are at such a spacing that the

separation zones and regions of vortex generation

and dissipation behind each element are not fully

developed before the next element is met. For this

type of flow, different transition functions (between

the smooth and rough boundaries on a plot of 1/ /f~~

-2log1n D/L and Re^~ v «.<*•*
10 ) were obtained for

D/L
spot roughness, strip roughness and the corrugation
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roughness. For the fully rough flow, he found that

l//f = 2 log 2+1,75 j .....(2.10)
10 h

c) Quasi-smooth flow :- The roughness elements in this

type of flow are so 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

f - fs +[^f (8.11)

where 'u ' is the velocity of crest level of
h J

element,

C is a constant usually taken as 0.5,

and 'j' is the width of the groove and should be

used in the equation if rj3 is smaller than 'h' •

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 between the other two regimes of flow-

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

The datum for the measurement of depth of flow was

taken as the top of the roughness element for all the three flow

regimes. It was thought that any attempt at locating the datum

so as to make a logarithmic velocity distribution fit the whole

depth would be inaccurate, Since a break in the velocity profile

has been observed in many cases (Vide Pig. 2.5).

£2i£§§^__(13), 1958, developed a criterion for instability

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



35
(It may be mentioned, that under the unstable condition, a

disturbance of the free surface increases in magnitude as it

moves downstream). The criterion based on Proude number,

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

follows :
Y

< 1.60 , flow is stable )
) (2.12)

> 1.60 , flow is unstable)

Por a bed with a diamond arrangement of cubes at two

concentrations, different resistance relations were developed

for the stable and the unstable flows, based on experimental data,

the classification of flows being done with the help of the above

criterion. The equations are of the form

1 (XD. ) for stable flow (2,33]
___. = 2 log h

/~T 10

, 1 v. . ZD/hand —^ - 1 log ^ __) for unstable
~ 10 v/p flow (2a4)

where X, Y and Z are functions of the roughness concentration,

Sayre and Albertson (57), 1961, carried out experiments

in a flume 2.4 metres 'wide with discontinuous angle iron roughness

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 3.00 cm (height). Data on the

the velocity distribution and flow resistance were collected under

uniform flow conditions; and analysed . By plotting C//g~~

against D/h for the data collected by KoloseUs (for stable flows)

Robinson, and Sayre and Albertson, they found that the resistance

equation could be written as :
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-~— = 6.06 log __ (z-15)

s

where K^ is a roughness parameter and a function of

the height, spacing and arrangement of the roughness elements and
\ is the shear velocity equal to /gDS~~\

The above equation yields a value of 0.38 for the

Karman's coefficient, K, but analysis of velocity profiles indi

cated K to vary appreciably with the roughness concentration, as
shown in Pig. 2.6; nevertheless, tnoy contended that a value of

0.38 may be assumed for K for the wake-interference flows. B,sed
on this value of K, they studied the variation of K' with the

s

geometry of the roughness pattern for all the available data and

found that depending on the arrangement and type of roughness
elements, the maximum resistance is obtained at different concen
trations.

In a discuosion of the above paper, Harleman and Rumor

(37) suggested that mere wind tunnel determination of the drag
coefficient of the roughness elements should help in predicting
the total resistance, since it is merely the sum of tno 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 make it difficult to extend wind tunnel results
to flume studies.

^sPa^JSialPaS^^ 1963, presented a
stability criterion covering a higher range of 'f• than in the
criterion given by KoloseUs (13), analysing data on flow over

a diamond arrangement of cubes with the roughness concentration
A ,varying from 1/512 to 1/8 ,they developed resistance equa-
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tions for stable and unstable flows, namely,
?•• 0.55 D/h

/~T~ = 2 losio ( ~~~o~9"—^ for stable flows
1 (2.16)

and y^= . 2 loo- ( °*55 D/h . „
/ f to10 ln ;r— ' tor instable flows

v°.''9/ Pr \2/3 ,
' ^Fr-^n" '••• (2-17^

Where Pr is the actual Froude number of the flow and Pr-n
the Froude number corresponding to neutral stability . X ia
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 onos given by Koloseus(l3); further, at
higher concentrations, log K^/b; would not show the same linear
relation with log X -which is implied in the above form of
equations -as at lower concentrations. In foot, plots by
Rouse (35) indicate alinear relation between log K's/h and
log X only upto X =0.15 . Thus, one would expect a
Ohaage 1» £qs. (2.16) and (2.17) at higher concentrations.

^^^^ 1964, performed experi
ments in an open channel to study the effect of roughness
concentration and type of pattern on the resistance coefficient.
Uniform sand grains and cubes were used as .the roughness elements
Their results indicate that the shape of the roughness element
and the arrangement pattern are not vory important at low concen
trations, but' the •

.9«e at concentrations aboro C.ic. Also Li the case
cf the closely packed sand gr iro ( X — t sV **, • •,., ..—j ^ /v. ,. uC, L.c^±;,i..ne equivalent

sana grain diasieUt uas about 1.5 times the diameter of the
sandgrains, wnile Pikuradse'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 that for the uniform-sand-roughness, thus raising

doubts about the equivalent sandgrain concept. Their studies

also indicate departure from the linear relation between 1/'ft—

and log10D/h at values of D less than 3.0 as shown in Fig.2#7 .
h"

Macjvi (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,

yL = 5.75 log D/Kg + 6.00 (2.18)

hfi studied the variation of Kg/h with the relative flow depth.
The final empirical relation based on the above variation was

checked using U.S.W.P.S. data.

A£_L_fM <2> ♦ 1964- mads an experimental investigation
of open ih;rr.ol flow with to.; •- •;' -..r.si-: ,'". --<j:-;.e roughr.ess-
•'•-' r ~-'\- o ":[ cf the c^ann^c* lie coXJ.<*eted data on the velo

city distribution, resistance and the pressure ..istribu -

mm around the roughness element at various spacings. The

velocity profiles over the element and midway betv/een the elements

were different for large spacings, but tended'to coalesce at L/h

less than er equal to 10.0 (vide Pig. 2,8). Thus Adachi

supposed that wake-interference flow would exist at L/h less
than 10.0.

Based on the measured drag coefficients at various

spacings and the estimated sheltering effects at these spacings,
he classified the roughness pattern with L/h less than 8,0 as

'groove roughness' and those with L/h greater than 8.0, as
'ridge roughness '. In both cases? K wag computed using
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logarithmic resistance' equation with K equal to 0.4 and K /h

was related to the parameter E^ in the case of ridge roughness;
a separate relation was obtained for the groove roughness, here

Pb is the hydraulic radius with respect to the bed.

Herbich and Shullta(11^ 1964, experimented with

large cubical roughnesses at small depths so that the boundary
layer effects were inappreciable. The study waos carried out with

the intention of providing useful information for the flow in

boulder streams. Their studios indicated that tfce orientation and

the shape of the roughness element is not very important and the

resistance coefficient is governed primarily by the concentration

of roughness elements. Based on experimental data, they develop
ed dimensional curves relating discharge to the roughness concen
tration, depth and slope.

S2J*§£ (35), 1965, presented a critical study of the
present state of knowledge of the resistance of rigid-bed open

channels Prom studies made at Iowa, he presented the variation

0f Ks/h with the roughness concentration for avariety of shapes
and arrangements, ho also reported Rob.r son's, experiments on

measurement of drag on a single element kept on the floor of a

wind tunnel. However, as reported by House, the resistance in

the flume at low concentrations was different from that obtained

by computing the form resistance based on wind tunnel measurements
and adding it to the skin friction of the plane boundary. But
O'Loughlin (23) emphasised the inapplicability of asingle law
for the velocity distribution very close to the wall and in the
outer region and extended that the use of such a simplified law
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may be the reason for the departure between the computed and

the observed resistance.

Summary ; 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 pointed out by Morris (17). This would mean that

different velocity distribution laws could be expected!

close to the wall and away from the wall as emphasised

by O'Laughlin (23) . Further, the velocity distribution

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 profile,

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 analysis of the problem of resistance

of artificial roughness elements, which requires a

knowledge of the velocity distribution would necessari

ly be approximate,

b) Value of Karman's coefficient K' :- The value of »K'

obtained from plots of V/V* versus D/h ranges from

0.38 (Sayre-Albertson) to an extreme value of 0.49
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(Robinson-Albertson), while avalue of 0.40 for 'K» has
been accepted normally in case of pipes (38). This large
variation cannot be attributed to variations in the rough
ness concentration, since most investigators have covered

approximately the same range of concentration and ob

tained, the same value of »*• f0r all concentrations used
by them. However, since / is defined as Ky for small
distances iy« 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 analysis
in which an average value of »K« was found by plotting
VA* against log D/h, is that of Adachi (2); he treated
Kas constant at 0.4 and studied the variation of Kg for
any pattern with the flow depth. Though the first ""
approach is desirable from the point of view that Ks
becomes afunction of only the roughness pattern and
geometry, there is no definite indication about either
the constancy or otherwise of 'Kg< or '£« and the
second method appears equally acceptable.

)Choice of datum : There appears to be no general
;agreement concerning the datum for depth measurement
in achannel with artificial roughness elements « the
bed. While Morris and Johnson have used the crest of
the element as the datum, 3ayre-Albertson,Powell and
others have used the flume bottom as the datum,
Adachi, and O'Loughlin and" Mac.donald have used
adatum >cha^g ^th the roughness concentration.
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Apart from the qualitative acceptance that the

datum should be the flume bottom at large spacings

and should bo at the crest of the roughness elements

at srery small spacings, no effort has been made to

locate the datum suitably at all spacings for different

types of roughnesses. As pointed out by Morris,

selecting the datum to obtain a logarithmic fit for

velocity distribution over the whole depth may not be

justifiable.

d) Individual resistances : Apart from the works of

AdaMii and Roberson, there does not appear to be any

effort made at measuring the individual resistances.
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CHAPTER - III

ANALYTICAL OOPSIDERaTIOPS

3.1 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 chapter. The problem, as posed for investigation,
requires two different aspects of study. Firstly, 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 a 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 drag
is the result of separation of flow which occurs in the case of
bluff bodies even at moderate .Reynolds numbers; as aconsequence
of separation, the pressure at the rear of the body is less than
the pressure at the front and the difference of pressure i-3 equal
to the form drag.

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

Reynolds number eliding approximately 103 ,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 techniques 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-weald be questionable. Therefore, the problem will be

approached in the following way: Wind tunnel studies for the

required arrangement of roughness elements (includirig 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 boundaryc

The experimental programme for obtaining data on the

above aspects of the problem has to be planned keeping the

following points in mind :

3.2.1 Blockage Effect :

Most of the wind tunnel studies related 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 are perfor

med in a stream which is finite in size as compared to the size

of the model, the results must be corrected in order to 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. It 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 found 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 Q obtained by studies in small

wind tunnels need to be corrected for this effect.

Methods of correcting for the blockage effect have

oeen 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 be checked whether the correction is valid for the case of

elements in midstream provided with a tailplate or tnose 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 coefficient 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,no

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.

3.2.2 Wave Resistance and Skin Friction in Open Channel

Experiments with Roughness Elements :

Wave Resistance:The total resistance to flow in an open channel with

artificial roughness 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 Proude number of the flow. However, in an open

channel with cubical roughnesses at various concentrations,

Proude number is shown (13) to ha^e no effect on the total resis

tance when the Proude number is less than 1.6, approximately.

This indicates , therefore, that the wave resistance forms an

insignificant component of the total resistance in the flow over

artificial roughness elements at low Proude numbers. Since the
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flume experiments for this investigation were conducted at

Proude number.less than about 0.4, one can assume with Justifi

cation that the Wctve resistance forms an insignificant part of

the total resistance in these runs.

Skin friction of tfre Plane Boundary ,:- To aeparate the form
resistance from the total resistance in the flume runs, there
fore, one has to make 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 resis

tance of the roughness elements used by them on the assumption

of 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
of the total resistance at most spacings, while at the lowest

roughness concentration used by them, the form resistance'was

86 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 In this
study.

However, it must be emphasised that the assumption
of auniform skin friction on the plane boundary is a simplifying
one. It is well known'(26) that the friction would be negative
on the boundary within the standing eddy, while positive friction

would be experienced by the flow beyond the standing eddy. In
the flow past asingle two-dimensional element kept in aboundary
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 percentage (out of the total re

sistance) of skin friction on the plane boundary would be higher

than at other (smaller) spacings. But, even at this spacing,

on the basis of the results of Plate (26) and Sayre and Albertson

(37) , one may assume tne contribution of the plane boundary

friction to the total resistance to be insigrifleant. Obviously

at smaller spacings, this assumption would involve negligible

error.

Therefore, the flume data can be analysed on the

assumption that wave resistance and the plane boundary friction

are negligible and that the total resistance is equal to the

form resistance of the roughness elements.

3,2.3 Reynolds Lumber Effects I

coefficient
the total resiscance /cf a piano boundary with artifi

cial roughness elements on it, is, in general, dependent on the

Reynolds number and the roughness geometry. However, the form
coeffj c:> en^

resistance/of sharp-edged roughness elements is known (36) to be

independent cf the Reynolds number at Uh/V > 103, approximately
the °

This fact, coupled «'ich/assumption that the plane boundary resis

tance is negligible, leads one to the conclusion that the resis

tance coefficient i:r independent of the Reynolds number U h/p; ,

provided the value is larger than 103e 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

3
value is more than 10 - so far as comparison of their resistance

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 ;

Fd = VS Y% (3a)
where V is a characteristic velocity.

Thus, the value of 0« computed from measured drag force is

dependent on the velocity which is chosen as characteristic.

Drag coefficients of bodies completely immersed in a fluid have

been invariably defined using the free-stream velocity. In the

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 0-- 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 with

the prediction of velocity distributiion in the flow over r-:ughnes:

elements, the use of this characteristic velocity may not be very

desirable . In the case of two-dimensional elements placed on a

plane boundary (including uhe 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 that

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 velocity 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.

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

It was surmised by Sayre and Albertson (37) that wind

tunnel studies to evaluate-tiie form resistance of a given rough

ness pattern studied in an open channel may be impracticable in

view of the large length of tunnel 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-sized 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
sized roughness elements, so that no accurate estimate can be made

of the entrance length, beyon^^h the flow may be taken to be
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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 flume.

Firstly, an overlapping range of D/h in flume and

tunnel runs is used to permit comparison with confidence. The

variation of resistance and flow pattern 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 examined

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 knowledge.

To facilitate a rational analysis of the experimental data, a di

mensional analysis of the problem has been carried out in this

section.

a) Hesistancjt^f_a_Sihglo Element Placed on the Boundary :

The force P 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 = j^ (h,D,V,6, §,J-c ) (3.2)

where U = Dynamic viscosity of the fluid.

This equation can be written in terms of dimensionless parameters

by choosing V, h and ^ as repeating variables.

- 0, (D/h, 6/h, Vh?/k ) (3.4)
'2

i.e. ~B ° ^3 ^/Xi> U/Xi> vuVk

But the drag coefficient of a sharp-edged element held in uniform

flow region is independent of the Reynolds number at values of

Reynolds number above 103, approximately (36). However, little
information is available concerning the variation of C with

D

^§/u 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

6/h , Vh^ //, may be omitted as insignificant and the above

equation written as

°D = 04(D/il . 5A ) ' (3.5)

It may be noticed that in the case of an element placed on a

boundary in a stream of infinite extent,

°D = 05(6/h) (3.6)

Also for elements held in a region of zero velocity gradient, but
with a tailplate,

•°D = 06 (Vh) (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 be.

The functional relationships in equations (3.6)

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

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

. The average shear stress ' T ' on the bed of a wide
0

open channel with roughness elements on it can be written as ;

To a 0? (h,L,D, ", <^ , k , Arf ) (3.8)

•where Za r is the difference in specific weights of flowing

fluid and the fluid above it.

Choosing , V, Dand ^ as repeating variables, the above equation
becomes ;

r
» 0Q (h/D, L/D, fo %/K , 7/ Avrf D )o___ _, Pq {a/V) WV} yv ^ x

(3.9

i.e. -~ = 0g (D/h, L/h, W/y , _____ ) (3.10)
/~gD™~

SillCe' Y* =/~~T7~ (3-11)
/ -

and ^r~

-*— -. « (3.12)

As mentioned earlier, Proude number may be left aut from the

analysis in the range of Froude numbers for which the experiments

are planned. Further, 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 roughness elements is independent of the Reynolds

number at large values of Reynolds number, equation (3.10) oan
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be written as ;

'-^— _• ,0 (D/h, L/h) .......(3.13)
v* 10

Considering the flow past a series of roughness elements

on the floor of the tunnel, the drag force,P, per unit length of

the element may be written as

F

which reduces to

C

=0n (h,L,D,V, ^ ,f-^) (3.14)

D = 01Z (D/h, L/h, 7h5 /u ) (3.15)

On the basis of the arguments presented earlier ThJ /l

may be omitted from the analysis and the equation (3.15) becomes

°D - 013 (D/h, L/h ) (3.16)

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 study.

In the range of variables contemplated during experimentation,

the assumption of negligible wave resistance and skin friction

on the plane boundary in case of open channels with artificial

roughness elements, appears logical and justified by data from

previous 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 tobe

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 series of roughnesses. Experimental data concerning

the resistance of a single element can be analysed on the basis

of equations (3.6) and (3.7),

-:o:-



56
CHAPTER -_ JJ

Mi^^Ml^L^^J^M^lJ^. PROCEDURE

4.1 Preliminary Remarks :

The experimental work for this investigation was carried

out in the Hydraulics Laboratory of the University of Roorkee.

The work was planned and carried'out in such a way as to provide

detailed information on mean flow patterns and pressure distribu-
+ • ontion on single elements, as well as/.elements in series kept on a

plan? boundary. The experimental work comprised of three parts,
namely, studies in a flume with water, studies in a 32.4 cm x

32.4 cm open circuit wind tunnel and lastly those in a 81 cm x 114

cm closed circuit wind tunnel. The details of the above equipment,

their calibration and the experimental procedure adopted, are

described in this Chapter .

4.2 Open Channel Investigations :

-^i-_a§rrt :- The open cnannel 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 Pig. 4.1). The flume was provided with glass side

walls and a wooden false bottom which was levelled carefully.

At the entrance to the flume, a honey-comb wall of small-sized

bricks was constructed to reduce the disturbance in the approachin

flow. Plow straighteners in the form of a number of vortical

metallic plates about 20 cms long were placed just downstream of

the baffle to yield flow which was essentially parallel to the

side walls. A movable carriage 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

ed parallel to the bed. An adjustable gate at the downstream end

of the flume enabled adjustment of the depth of flow in the

flume.

For the measurement of discharge, a rectangular sharp-

crested weir was installed in a settling tank downstream of the

flume. The weir was first calibrated volumetricully over the

entire range of discharges for which studios 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 elements

was found to bo 0.0135 approximately.

The roughness elements used were angle iron strips of

negligible thickness, v/hich were formed out of galvanised iron

sheets and could be railed to the flume bottom. Two different-

heights of element, 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 elements were not fixed on the sidewalls.

Two different types of roughness patterns were formed using these

elements.

a) Elements of a particular height were placed at regular

intervals on the flume bottom.

b) 4 cm elements wore placed at a spacing of 80 cms on

the flume bottom; at a certain fixed distance down

stream of each of these elements, another roughness

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 elements placed at a spacing

of 160 cms.

Table 4.1 summarises the details of the various

roughness patterns used in this part of the study.

Experimental Procedure ; The experimental work was carried out

at two different slopes, namely 7„5 x 10"4 and 2.875 x 10~3, Q?heS<

slopes were given to the rails with the help of a Surveyor's love:

and point gauge. Studies 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 bottom.,

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 flume

were affected slightly by the disturbances at the entry and

backwater effect; hence only the other 7 metre •length of the flume

was used for checking uniform flow and also measurement of depth.

Further, the discharge was so adjusted that uniform flow was

obtained at approximately the pro-determined depth. Three to

four different depths of flow in the range from 10 cms to 33 cms

were used for each roughness pattern at a particular slope.

Also, for most runs, after establishment of uniform flow, centre

line velocity profiles were taken at two or three typical sections

in the latter half of the length of the flume. The average depth
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TABLE - 4.1

Details of Roughness Patterns used in Flume Studi es

01 one height of different hel?hts

i*--. fi jL
I

—*-

1
h 1

r—' ' i 1 i J \h' i !
t f h- ~cr^ •

—J

tj
--»

Notation cm cm cm cm cm
h L h' V H

h 4.0 160.0

A ii 80.0
A2 it 40.0
A3 ii 20.0
M ii 10.0
A5 n 30.0
A6 n 60.0

A? n 15.0 __ _

P 2.0 80.0
Pi ii

40.0

P3 n 20.0
APX
APY

4.0
1!

80.0
ii

2.0
it

80.0 40.0

APZ
APqZ
AAU

AqP2W
AqP2X

II

II

4.0

4.0
ii

it

ti

80.0
160.0

ii

it

ii

4.0
2.0

ii

ti

40.0
80.0

160.0
ii

60.0
20.0

ii

10.0
80.0

40.0
AlP2T ii ii ii it

120.0
AqPX ii ii ti 80.0 40.0
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of flow, the discharge 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 at the upstream end, increasing 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 perspex 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

section and a grid designed on the basis of Baines-Peterson's

analysis (5) was provided at the inlet to control the turbulence
of

intensity in the test section. However, because of lack^instru-

ments, the intensity of turbulence was not measured. A sand

paper roughness strip was provided on the floor of the tunnel at

the entrance to the test section to ensure a turbulent boundary

layer along the floor of the tunnel for its whole length.

The diffuser downstream of the test section was

0.915 metre 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 placed in a straight uniform duct downstream of

the diffuser to suck the air into the test section and discharge

it back to the atmosphere. The fan was connected to a dimmerstat

and a voltage stabiliser for controlling the speed. The maximum



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 a total head tube (outer diameter _ 0.07 cm), which could be
moved along the centre line of the test section were used for

the measurement of point velocities in the tunnel. An inclined
manometer of adjustable inclination with methyl alcohol as the

indicating fluid was used for pressure measurements. The mano
meter had twenty tubes taking off from atank of large capacity,
se that connections could be made simultaneously to alarge number
of pressure tappings. Avernier scale with a movable hair and
mirror arrangement- which enabled elimination of parallax error -
and which could read upto 0.01 cm of liquid along the inclined
length^was fitted into this manometer. Aquadrantal ring graduate,
from 0° to 90° was fitted to the manometer and was used to
determine the inclination of the manometer; preliminary checks
on the inclination by other methods indicated the above method
to be accurate (Photograph 1 shoos 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
ef 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 at 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 thatt

the differences -were very small and insignificant. It may be

mentioned that measurements made on an angle iron strip also

gave essentially the same drag as on the otheifetrips under the

same conditions. Hence, the wooden strips of 0.3 cm thickness

were used in a majority of cases, though a few runs - particularly

many of those with roughness elements in midstream - were conducted

with the box-type roughness elements, The height of roughness

elements used in this tunnel varied from 1 cm to 8 cm. In all

cases, copper tubes of inside diameter 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 : Velooitv r^nf-iiea +*v«v, ,——~_ v^xueioy proiiies taicen across

the width at a section 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 a roughness element



and some distance away from the centre line but within the central

core, showed no appreciable difference between the two. Thus,

the staggered pressure holes could be expected to give the pressure

distribution on the centre line of the roughness.

A number of measurements were made for the variation

of static pressure in the tunnel for flow without 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 along with the above measurements.

Pig. 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 metres, 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 upstream

end. However, it was assumed that this small pressure gradient

would not have a marked influence on the results and no efforts

were made to correct for this pressure gradient.

Velocity profiles in the vertical were taken with the

help of the total head tube 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 velocitior

at which the measurements were made was from 6.80 m/s to 12.5

m/s. (It may be mentioned, however, that with roughness ele

ments in the tunnel, the maximum velocity was only about 10 to

11 m/s). Pig. 4.4 shows a typical velocity profile in the verti

cal in the tunnel and Pig. 4.5 shows the variation of 6 (the
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boundary layer thickness on the floor) with x It n L
^ . ., uuxywitn x. it may be/ioticed
txiat the variation of 6 with velooit.r fn velocity, for a given value of x,
is small and not consistent IWh«- +v vent. .urtuer, the boundary layer thick
ness computed with the equation

6/ °'377
= (U xA , )1/5 ' USlng thG ginning of the test section

o fr

as origin, is slightly larger th_- +*,
^ 7 arger than the observed thicknesses .

^ xs supposed that this difference is a result of t_
„ a resuit of the presence

of the small pressure gradient, since the ahn,P
c> oZnce the above equation is valid

m the case of zero pressure ffr*di*r,+ n ,*.nf _ . , 6 gradlent. Despite the slight scatter
ox points on Fip- a r o^g. 4.5, an average line showing the variation of

«*h x in the range of velocities used has been drawn.

Prepared to study the velocity distribution haw in the boundary
layer in the tunnel. Ihe data lndloate ^ ^ _ -S/B
while velocity distention is usually expected to follow the
l/7th power iaw at these Isolds robbers. (Here „_ the
velocity at a height y from thp ,,„„„> „y from the floor). However, data at small
ralues of y/6 indicate deviation fm. ti

uUon rrom the proposed law, as can
be seen on Pig. 4.6.

were carried out to study the variation of 0, with D/h for the
0-. of c/h equal to 0in the following way. an alumina plate
0.6 cm thick, but chamfered to -ivp - ,-

10 -lve a lj-ne contact with the
normal plate was placed behind a normal plate fa™* * *i^oxmai plate kept at tne middle

-tre fro, the upstream end and the length of the tailpfute was



kept at 10 times the total height of the normal plate, as sugges
ted by Arie and Rouse (4). (Pig. 4.7 and Photograph 2 show the
Placement of the element in midstream). It may be seen that
this arrangement represents the case of anormal plate kept on
aplane boundary, but at zero thickness of boundary layer. The
procedure for measurement was as follows : After steady flow
conditions were established, the pressures around the normal plat,
were read on the manometer and the average flow velocity obtai
ned by pressure measurement at the two points in the entrance
oene, as mentioned earlier. The ambient pressure was measured
by aPrandtl 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. T^he temperature of air Was noted in
all cases.

Experiments" on Single Element Placed in aBoundary Layer : To

study the effect of submergence of the element in aboundary
layer, the roughness elements were fixed on the wooden floor of
the tunnel (which served as the plane boundary, in all cases),
perpendicular to the direction of flow. Elements of height rang
ing from 1cm to 4cm were placed at various sections along the
length of the tunnel to get the maximum possible ranged 6/h ;
the range of 6/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 velocities.

Experiments with Elements, of one Height Kept in Series on a

Boundary :- m-u, -p,l_ me form resistance of a roughness element when

kept in series on a plane boundary was studied by placing rough

ness elements of a particular 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

approximately 25 cm from the upstream end of the test section

in all cases. For the roughness element of height 4 cm.., the

pressure distribution 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 tunnel floor

and measurements were made on the central two only. Prom these

studies, the distance beyond which the drag coefficient of the

element attains an approximately constant value was found out by
analysis of the data . For other heights of elements and other

spacings, the pressure measurements were made only on the element

representative of a series of large number of elements. It may

however be mentioned that for elements 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 ail cases. Also, velocity profiles at

one or two sections - close to the element on which the pressures

were measured - were taken at one velocity for all spacings with

roughness elements of height 2 cm and 4 cm.

Ejcp_3rime_ntsj,-/ith Combination of Elements of Different Heights_j_
This phase of experimentation was conducted with a view to

study tho effect of placing a 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

distances downstream of an element of 4 cm height, both

being on the floor. The 4 cm element was kept at a

section where/the boundary layer thickness was 1.12 cm and

only the position of the 2 cm element was changed. The

pressure distribution around both the elements was

measured at three different velocities..

b) 4 cm elements were kept in series on the floor at a

spacing of 30 cm and a series of 2 cm or 4 cm elements

also at a spacing of 80 cm were superposed on this at

different locations, as shown in Pig. 4.8. In both

these series - called the'primary'and the'secondary'

series for convenience - only a maximum of four elements

could oe placed in the length available. Hence, without

consideration to the attainment of a constant CD value,
the pressure measurements were made on the last but one

element in the series, at three different velocities.



4.4 Studies in Closed-Circuit Wind Tunnel :

Por 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 had a uniform test section 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 pressure between two points in the entrance cone was

calibrated against the average velocity along the vertical centre

line and this pressure difference was used to calculate the

velocity during 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 representative element in the downstream

part of the tost section, was measured for the case of elements

of one height placed at various spacings on the floor. The height

of elements used was 3 cm.

Tables 4.2 and 4.3 summarise the range of variables

in the data collected in the flume and the tunnels.
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table 4.2

Range of Variables for Studies on Single Element

cm cm cm m/s
h D 6 V

1.0 to 14.0 32.4 to 81.0 0 to 4.35 6.80 to 35.0

TABLE - 4.3

Range of Variables for Studies on Elements of one

Height Kept in Series.

cm cm, cms m/s „
b L D V S x 1C5

2.0 to 6.0 5.0 to 160.0 10.0 to 81.0 0.12 to 0.75 ti

35.0- 2>875
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CHAPTER - V

APALYSIS OP DaTA - I

RESISTANCE OP A SIPCLE ELEMEPI

5.1 Preliminary Remarks :

The data collected concerning the pressure distribution

around a single element kept on a plane boundary are analysed in

this dhapter. The data for the case when 6/h is equal to zero

have been analysed 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 presence

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 chapter.

5.2 Elements Held in Midstream (With a Tailplate):

The flow past a normal plate, with a symmetrical

tailplate, held in the centre of the tunnel is a limiting case

of flow past a plate kept on a plane boundary - namely, with

zero thickness of the approach boundary 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 .of the plate has been found to be 1.38 (4). This

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 t0 be evaluated for a complete solution.



however, the value of CD found by Arie and Rouse (4) is not

directly applicable to problems in which the stream must

necessarily be treated as finite; flow over an isolated rouoh-

ness on a channel bottom, flow around spurs are examples of this

category. The analysis in this Chapter is aimed at extending
the results of Arie and Rouse (4) to various contraction ratios.

^^^^^^l2±± The pressures measured on the
two faces of a roughness element placed as described above indi

cated that the pressure over the downstream face was constant

for a given velocity ,h and P.(For any particular set of the

above values, the pressure at any point on tne downstream face

varied by less than 3 percent from the mean pressure on the

downstream face). Advantage is taken of this fact in plotting
tne pressure distribution diagrams for the normal plates; Fig.5.1
shows a plot of y/h vs V£d for two different heights of

?V2/2
plates, here pfl is the constant pressure on the downstream

face and p^ the. pressure on the upstream face at a distance y

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

ing was adopted to avoid the distortion that would be introduced

into the conventional form of pressure distribution diagram,
aamely, ,„ "Po vs y/h ,due to the possible errors ir

$v /2

measurement of Pq, the ambient pressure. Nevertheless, the

characteristics of the variation of upstream pressure are still

reflected in Pig. 5.1 , because the downstream pressure is

constant. It should be noticed that the average abcisso. for

the plotted curves yields the form drag coefficient for the plate.
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 distribution is independent of tne

velocity. It may be supposed, therefore, that C^ is independent

of Vh/oj , 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

this value of p » the value of o -o /g Tr2*o *a *o /§•» /2 was computed

for each velocity, for a given element. The variation of

pd"Po—r, with velocity, for any given element, was small (of the
S vy-
order of 5 to 6 percent from a mean value) and insignificant;

thus an average value of pn-p was used for each value of
Q. 0

%V2/2
h/D . The average value of 0 for each value of h/D was found

by plotting pressure distribution diagrams in the form of'Fig>»:&,l,
for

_each velocity. An average value of C was used for each value

of h/D , since the average value indicated variations less than

2 to 3 percent from the actual values at various velocities.

The value of u_ _-___ where p is the average pressure over
~™ Q U

§VV2
the height on the upstream face, was found as the difference

between the above values of C^ and P^-p . The pressure?

?V2/2
so computed, for the data collected in the open-circuit tunnel

have been plotted on Fig. 5.2. data collected in the closed-

circuit tunnel have not been used in this figure, since the value

of p 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 Pu ~Po
S'Y2/2remains approximately constant at the value of + 0.81 found by

Arie and Rouse (4) for h/D equal to zero; on the other hand, the

value of pd"po decreases continually with increase in

SV2/2
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 Maskell, the blockage effect oan be

corrected by Eq. 2.2 namely,

C - \°Dc - i_„_
1 + e C^ h/D

1

Since the value of 6 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 the above equation to compute C^
c

for normal plates provided with a tailplate. For the data

collected during the present investigation, CD was first
1

determined from the measured pressure distribution and the

values of C^ computed from Eq. 2.2 using these values of C.- ,
c 1

are shown in the following Table.,

It is seen from this table that CD increases (more
c

or less) continually with increase in h/D. If the above equation

with C equal to 0.96 were to hold good at all the blockage values

tested, C^ would have attained a constant value of 1.38,
c

given by Arie and Rouse (4) for the case when h/D equals zero.



TABLE 5.1

Variat ion of C~

c

wi th h/D (6 -.= 0.96)

h/D
\ \

0.037 1.50 1.42

0.0617 1.56 1.43

0.065 1.555 1.42

0.1235 1.90 1.55

0.154 2.18 1.65

0.173 2.26 1.64

0.185 2.40 1.69

0.247 2.96 1.74
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The fact that C increases with increase in h/D suggests
c

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

assumed value of 0.96, or Eq.(2.2 )in its present form is

inadequate for large blockage values. To check the former, the

Pd-P
value of 0 was comouted from the value of •• a° found by

?V2/2
Arie and Rouse (4) for the case of h/D equal to zero. The

value of G so computed v/as 1.755. Using this value of 0

and Eq. (2.2) C values were recomputed for all the data
c

and the results are shown in Table 5.2 .



TABLE - 5.2

Variation of C^ with h/D (e = 1.755)
c

h/D

0.037

0.0617

0.065

0.1235

0.154

0.173

0.185

0.247

% c

1.50 1.37

1.56 1.34

1.555 1.32

1.S0 1.35

2.18 1.37

2.26 1.34

2.40 1.35

2.96 1.30

It is seen from the above table that for all runs, the value of

CD computed with 6 equal to 1.755 is close to the value of
c

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

It may, therefore, be concluded that Eq. (2.2) given by Maskell

can be used to correct for blockage effect in the present case

also, but with a value of G equal to 1.755. An alternative

correction based on experimental data has also been suggested

in the following section.

b) Variation of CD with h/D : The average abcissa on

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

III, the drag coefficient of the plate in this case should be

a function of h/D only. The value of C^ which is an average c:
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the values obtained at different velocities, has been used in the

analysis. The results have been shown in Fig. 5.3, where log C^

has been plotted against log (l-h/D) , the latter parameter

being chosen to enable extrapolation to the case when h/D

equals 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

extrapolation of the straight line, fitting the author's data

to the limit h/D equal to zero yields a value of G-j, identical

with that obtained by Arie and Rouse (4) for a normal plate.

The equation of the line fitting all the points can, therefore,

be expressed as ;

—° 85CD = 1.38 (1 -h/D) * (g#1)

The nature of this variation between CD and h/D

has been checked for plates of other inclinations^i°namely,

45 and 135 - and these results are also shown on Fig.5.3.

It is seen from those that Eq. (5,l) can be written in the

form

r 2.85
DQ /CD _ (l-h/D) (5.2)

Where C^ = Drag coefficient for the plate of given
o

inclination kept in an infinite stream i.e.

at h/D equal to zero.

Equation 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 measured at a

particular value of h/D. The above equation has been obtained
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on the basis of studies on two-dimensional sharp-edged plates

of iiicline.ition 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.

Since Pigs, 5.2 and 5.3 show that the average pressures

onthe upstream and downstream faces, as well as the drag

coefficient, are unique functions of h/D, one would expect a
Pd-P0

relation between G-. and the value of —•>—« . The re-
D § V2/2

lotion obtained on the basis of measurements is shown in

Fig. 5.4, and it is seen that C^ increases linearly with

decrease in d~Po

§v2/2
5.3 Elements Placed in a Boundary Layer :

The analysis presented in the previous paragraphs

pertains to a limiting case - namely when 6 is 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 a plane boundary is a function of the

parameters 6/h and h/D. One would also expect that the pressure

distribution around the element in the case of a plate held in

uniform flow and that in a boundary layer would be different,

Hence the pressure distribution around the element was studied

first and the analysis is presented below.

Pressure Distribution :- As in the case of plates held

in uniform flow region, the pressure over the downstream face

was constant along the neight in this case also for given values

of £ h, D and V. as such, the pressure distribution has been



p -p **"' Q.
plotted in the convenient form of "d/h vs -U'g — for four

?V72
different values of 6/h ranging from 0.195 to 2.18 in Pig. 5,.5 =

The characteristic shape of this diagram has been reported

earlier by Nagabhushanaiah (2l) 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 upstream

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 oe 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 maximum
p

value of _pp Pd occurs at 0.60 h to 0.65 h from the bottoi
5V2/2

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

Pu —P u dmaximum value of _g pd to the average value of

%V2/2 %V2/2
(which is equal to C-q) did not show any systematic variation

with 6/h. It can also be noticed that u d tends to

5V2/2
be approximately constant aver the height at larger values of

6/h.



Figure 5.5 shows data plotted at three different

velocities. As mentioned earlier, an average value of 6, in this

range of velocities, was taken from Fig. 4.5 and used in the

analysis. The data on Pig. 5.5 at different velocities, for

a given value of 6/h and D/h, indicate that the pressure dis

tribution is independent of the Reynolds number Vh/ej . One

may, therefore, suppose that the viscous influence is taken

into account by the parameter 6/h and the effect of Reynolds

number, if any, is insignificant,

The variation of the average pressure on the upstream

and downstream faces with change in 6/h has been shown in
P. -Pn

Fig. 5,6. 1'he plot shows the average values of •—"5-"--—- anc
jTr/2

Pd _ p
—•*—5 — comouted in the same way as for elements in mid-
f V2/2

stream - plotted against 6/h, for a plate of height 2 cms. The

value corresponding to 6/h equal to zero, for this height of

element, was taken from the runs with the plate in midstream.

It is seen from the plotted data that the non-dimensional pressui-.

on the upstream face decreases with increase in 6/h, while the

non-dimensional pressure on the downstream face increases with

increase in 6/h; however, at values of 6/h greater than 0.5,

the variation of the pressures with 6/h is very gradual.

The above variation is typical of that obtained for

elements of other heights also, 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 Eq.(5,2),

as a velocity correction as shown below to obtain a unique

relation between 6/h and the average values of pd Po and
?V2/2
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i«e. p_ = (1 - h/D) can be written as

CB

so

-2.85
GD = _ = 0^ (l-h/D) (5.3)

hfV2/2 °
By using a corrected velocity V given by

o p —2 *85
V = V (1-VD) (5.4)

the computed drag coefficient with respect to V for the same
c

measured force F, would be CD . It was therefore hoped that oy
o

non-dimensionalising the pressures p -p and p -p using
d o fu o ^ t>

Svc /2 ,one would get a unique set of lines on Fig. 5.6 for
data with different values of h/D. However, plots of

•MjSSL. and (p~ -p )V v 2, .
fV0»/g u ^o ^ c/2
against 6/h (not shown here) still yielded different lines for

different values of h/D, though the resultant value Pu"Pd

SVc2/2
appeared to be uniquely defined by 6/h alone. Hence, it may

may
be concluded that Eq. 5.2 /be used for correcting the resultant

pressure or the drag coefficient - as has been shown in the follow

ing section - but the correction may not be valid for the pressure-

distribution on the two faces independently.

Variation of Drag Coefficient : The functional relationship

obtained in Chapter III showed that

CD = 0 4(h/D,6/h)

for plates kept normal to a plane boundary. The values of Cr

were computed from the pressure distribution diagrams with a

view to find the function, which describes the variation indi

cated by the above equation. The values of CL were computed at

<&tlkAL UMSAM IMimSilf Ofwe&eu
ROORKEf,
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various velocities for a given position of element (or 6/h)

and the variation 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 C values at the various velocities was used in

the analysis. Pig. 5.7 shows the variation of C^ with 6/h

for two different heights of plates, the values of C at 6/h

equal to zero being taken from the studies for the midstream. caS

The figure shows that 0-j decreases with increase in 6/h ;

further different curves are obtained for the two heights •:_'

plates, indicating the effect of the parameter h/D on the drag

coefficient. An attempt was, therefore, made to correct the

data for the blockage effect and study the variation of 0-.
o

(the drag coefficient of the plate corresponding to an infinite

stream, but placed in a boundary layer) with 6/h. Such a proce

dure is-based on the assumption that the effects of contractior

of the stream (due to placement of the element) and presence of

the boundary layer on the drag coefficient of the element are

independent of eachother and can be evaluated separately. The

data analysed justify this assumption.

Figure 5.8 is a plot of CD vs 6/h and the plotted
o

data include those collected by the author and Modi (16) in

the open-circuit tunnel using elements 1 cm to 8 cm in height.

The data collected by Plate (26) with elements of height ranging

from 2.5 cm 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
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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

Sq.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 /7th power law, while for the other data, the

velocity distribution followed the l/8th power law; it is

assumed that the effect of this change in velocity distribution

for a given value of 6/h, is insignificant and the various sets

of data have been analysed together, The value of C_ equal to
0

1.38 at 6/h, equal to zero given by Arie and Rouse (4) forms

a limiting point on Fig. 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 also 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
0

value of 1.38 at 6/h equal to zero with increase in 6/h,reaching a

value of 0.575 at 6/h equal to 10; the decrease however is more

rapid at small values of 6/h and very gradual at higher values

of 6/h.

The data of Nagabhushanaiah (21) indicated much lower

values of drag coefficient than those of Plate (26) as shown in

Fig. 2.2. On correction of the data for the blockage effect,

the data collected by Nagabhushanaiah would yield considerably

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

elements used by him were of large height. Hence these points
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would fall much below the line drawn on Fig. 5.8 based on the

data of Plate (26), Modi (16) and the author; however, no

explanation can be offered for this difference.

The following procedure may be used to evaluate the

drag coefficient for a given case on the basis of -ig. 5.8 and

Eq. 5.2 :

a) In the case of atmospheric flow over an obstacle on

ground and similar 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
•o

known 6/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
o

the known value of 6/h , The actual drag coefficient

corresponding to the given value of h/D can be obtained

using En. 5.2. The drag force can be estimated using

the above value of C^ and the average velocity along

the vertical.

Interpretation of Plate's Equation__:- The equation

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

boundary layer is
2/7

0 a 1.05 (h/6.) (2.5)
^1

where CT is the drag coefficient with respect to the free-
~U1

stream velocity U . The data used in developing the above
o

equation were not corrected 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 l/7th power law of

velocity distribution, one can write the above equation as follow..

F 2/7
^D = _™_!r. B i,05 (h/6)

1 h^lf /2
-• o '

2

a 1.05 (u, /TJ ) (5.5)
0

where u is the velocity at the crest level of the element

without the element in posit ion. Hence C the drag co

efficient of the element with respect to the crest-level velocity

can be written as ;

F

C' = _______ _. 1#05 (5.6)

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

range of 6/h from approximately 2 to 12. But for 6/h values

between zero and one, the velocity at the crest of the element is

equal to the free—stream velocity itself; as such 0' - which

would be equal to C^ in this range - would not be a constant

at least in the range of 6/h from zero to one. In fact at 6/h

equal to zero, CI, would h<„ve a value of 1.38, the value given

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

in the range of 6/h from 0 to 12, tho following procedure is

employed :

The drag doefficient C-- computed in these studies could
o

also be treated as the drag coefficient C (with respect to
^1

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

a finite thickness of boundary layer. Using these values of C~ -

obtained with the help of observed 0 values and Eq. 5.2 -

the values of 04 were computed for the data collected by
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Plate (26), Modi (16) and the author, using the appropriate

velocity distribution law. Figure 5.9 shows the variation of

C' with 6/h for the various sets of data. Despite some

scatter, the data indicate a decrease in C' with increase in

6/h from 0 to 1 and an increase in C' thereafter with increase

in 6/h , reaching a constant value at higher values of 6/h.

Relation between m _Z_SL and C
^V2/2

D • The equation given

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

boundary layer to the dimensionless parameter for pressure on

the rear is

\ - l*65 -Pfl "*Q. (5.7)
1 JUQ2/2

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

effect, the unique relationship between C^ and P^-P
2

would imply that the relation 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 Cf and is valid with an accuracy of + 10

percent for the above data (26). In order to extend the above

form of equation to a wider range of drag coefficient, a plot

was made (See Fig. 5.10) between the drag coefficient CL and

the dimensionless pressure _£dZ_lg__ using the data
5 V2/2

collected by Plate (26), Modi (16) and the author. It should

be noticed that a definite variation between these two parameter;:

§ V/«
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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.

Equation 5.7 can be modified to suit the new parameters,

as ; v2

P . V2 , P*-P
T

_____ ^ _ n _« _j|__0 ( r-B-. )
gd, =:^nr (-irr ) =x-65 -V2- ~1 h\V72 U - ,v2o $ V /2

P^ - Pd o

o

(5.8)

i.e. QL = 1.65 —V—^ (5-9)
^1/2

Equation 5.9 has been represented on Fig. 5.10, along with the

plotted data. The data indicate considerable departure from the

relation proposed by Plate (26), namely, Eq. 5,9, at large values

of C_. In the absence of any certainty that a relation including

the boundary layer and the contraction effects exists between the

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

all the data on Fig. 5.10.

5,4 Application of Results to Flume Studies :

For fully developed turbulent flow in an open channel,

one can use Pig. 5.3 and Eq. 5.2 in the following way to predict

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 Ch

from Fig. 5.8 for the known value of $/h. The above value of

QD and the known value of h/D can be substituted in Eq. 8.2

o

0

to get tho actual drag coefficient CD . The variation of 0. with

D/h, obtained by such a procedure, is shown in Fig. 5.11.

The resistance of an infinitesimal length of strip 6xat tho

centre of width can be found as .

?6.x - CD. Sx-n. 9 V2/2 (5.10)
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using the above drag coefficient and the average velocity along

the centre line of width of the channel.

The results of measurements made by Adachi (2) on a

two-dimensional strip of thickness 6.4 mm and height 5 mm and kept

on the bed of a 20 cm wide flume are also shown in Fig. 5.11.

is seen that there is a considerable- difference between Adachi *£

curve obtained by direct measure!® nts and the curve obtained by

the author in Fig. 5.11 by the above indirect procedure. The

curve presented by Adachi (2) predicts a higher value of C^

than that obtained by the author's curve; on the other hand,

because of the influence of thickness on C^ (26), one would

expect Adachi's curve to fall below that proposed by the author.

One plaPmlble explanation for this anomaly may be that Adachi has

used the average velocity over the whole width - inspite of the

pressures being measured only on the centre line - and not the

average velocity along the centre line as used by the author.

In a flume of small width, as used by Adachi (2), the values of

drag coefficient computed using these two different characteris

tic 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 channels. Uniform flow was first established in the flume

(with no roughness element in it) and the average velocity along

the centre line of width was found by running a velocity tra

verse at a pre-determined location in the downstream half of
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the flume. A 4 cm high two-dimensional sharp-edged roughness

element with pressure/on ii was then placed on the bed at the

section where the velocity profile was taken. Tne pressures on

the two faces of the element were measured using an inclined

manometer and the drag coefficient computed with respect to the

average velocity obtained by tho velocity profile already taken.

The results of these two runs are also plotted on Fig. 5.11 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

betv/een the wind tunnel and flume data appears to be the change

in the shape of the top boundary. In the wind tunnel, the top was

smooth and parallel to the floor, while in the flume runs, a

significant dip in water surface immediately downstream of

the element 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 upstream of the element, after placement of

the element, is 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 tunnel is in regard to the values of£/D

in the two cases. The data on Figs. 5.3 and 5.8 cover a range

of 6/D from 1/16 to 1/3 , while the value of 6/D for fully
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developed turbulent flow in an open channel is 1.0. It.was

assumed that the use of the average velocity in the vertical,

in preference to the free-stream velocity, would implicity

take into account the effect (if any) of variations of 6/D.

In view of the difference noticed in the behaviour of the tunnel

and flume data, the effect of variations of 6/D may need to be

studied in detail. One may also consider the possibility of

treating 6/D as approximately equal to 0.8 in an open channel,

while using Fig. 5.8, since it has been noticed (7) that the

maximum velocity usually occurs it approximately 0.05D to 0.25 D

from the water surface; such a procedure would shift the pre

dicted line, shown in Fig. 5.11, higher.

In view of the uncertainties mentioned in the fore

going paragraphs, the predicted variation in Fig. 5.11 may

not prove reliable for determination of resistance of a single

element on the bed of an open channel. However, it is hoped that

it could be used to determine the resistance of a right-angled,

spur on the sides of a channel.

•:o:-
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•CHAPTER - VI

ANALYSIS OF DATA - II

RESISTANCE 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 chapter. Despite the fact that the

approach suggested by Morris (17) is a fairly generalised one

which is valid for all types of roughness elements, very little

effort has boon made in the past to verify it for the type of

elements used in this study. Hence, firstly, the available

flume data on this type of elements have been used to verify the

reliability of the above method for this type of roughness

elements. The data indieate.,that the above approach is not

completely satisfactory over a wide range of variables and the

necessity of a more reliable method for this type of elements is

• therefore 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 this chapter,

based on flume and wind tunnel data, 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.
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6.2 Verification of M0rris's Method (17):

Though several investigations concerning the resistance

of artificial roughness elements have been conducted, the appro

ach suggested by M0rris(l7) is the only one of a general nature

with applicability to a variety of roughness shapes and patterns.

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 Basha (6) have been

used to verify the curves proposed by Morris, only. The following

steps were followed in computing the required parameters f_r 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 0- p/_ as third
1

parameter (18), shown in Fig. 2.4, the 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 CD used was 1,90 for all the runs as

recommended by Morris (18) and p/P was equal to unity

in all the runs except those of Sayre - Albertson (3.7).

b) For the wake interference type of flow, the friction
factor was computed as

VV* = /fi/f (6.1)
where V = f~ „ ~

§V (6.2)

R-b being the hydraulic radius with respect to the bed

computed as suggested by Einstein (a).
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Aplot of the parameters l//f~-21og, QD/L
and /32~ V#L ±3 made using all the data and

the data are compared with the predicted line (by

M0rris) in Fig.6.1.

c) For the isolated-roughness flow, the Value of fo,
o

(the smooth-boundary friction coefficient) was deter

mined first by using the diagram relating!* to the

flow Reynolds number (7); the predicted friction

factor for bed with roughness elements was then com

puted using Eq. 2,2 namely ;

f = tB (1 +67.2 0])ii p/p- h/L j
The predicted friction factor hs? been plotted

against the actually observed friction factor in

Pig. 6.2,

These two diagrams reveal that the prediction of

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

accuracy. Figure 6,1 shows a reasonable scatter of points on

both sides of the predicted curve, except for Sayre-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 tho

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 is less than approximately 10 and

underpredicts the resistance when L/h is greater than 10

approximately. However, the agreement is quite good for the

Sayre-Albertson data on discontinuous roughness elements. The

following comments concerning Morris's method bring out the
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inherent limitations of tne method '

a) The criterion for prediction of the type of flow (Fig.

2.4) is arbitrary and in many instances, the type

of flow predicted is different from that v/hich 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 cf roughness elements, even at L/h equal

to 10, Morris himself, recently (19) has commented

that wake-intereference type of flow persists at larg

er spacings than predicted, with certain types of

roughness elements. Therefore, an analysis was made

by assuming that wake-inter.erence flow exists at a

relative spacing L/h less than 10 and the actual

resistance compared with the resistance predicted by

treating the flow as of wake-interference type.

However, the agreement was not satisfactory (not

shown here) and this , therefore, raises doubts about

the accuracy of the resistance curves proposed by

Morris.; for this type of roughness elements, in the

above range of l/h.

b) Any number of roughness patterns'can be arranged with

a given value of L/h, p/P and a particular type of

roughness element. -But, in all these cases, the re

sistance coefficient predicted by this method would be

tne same at a given Reynolds number. However, the
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investigations of O'Loughlin and Macdonald (24) and

Einstein 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 at large concentrations,

c) The drag coefficient used for the computation of the

form drag (in isolated-roughness flow) and for the

classification of flow (Fig. 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

mmended for use for elements used in this study is

1.90. Also, the velocity used in the computation of

form drag is that at the crest level of the elements

(17) . Assumption of a value of C^ equal to 1.90

(for the elements used in this study) fails to take

cognizance of the effect of placing the element on a

boundary and also of the interference effect when

elements are placed in series. It may be emphasised

that when an element is placed on a boundary with zero

thickness of the approach boundary 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

C' (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 Pig. 5.9. Also at smaller

spacings even of the order of L/h equal to 20 gut

which Fig. 2.4 predicts isolated-roughness flow almost
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invariably - the interference effect would be very

important as shown later. Further, in view of the

uncertainties regarding the velocity distribution

over an artificially roughened bed, the use of the

velocity at the crest level of elements would intro

duce a certain degree of approximation. In fact, it

is felt that the variations between the observed and

predicted resistances for the isolated-roughness 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 bj

Morris (1?) despite its generality of application, is inadequate

over a wide range of roughness concentrations and patterns. A

logical approach involving study of the variation of drag co

efficient with spacing based on wind tunnel experiments and its

application to the flume experiments with two-dimensional

roughness elements has been suggested in the following sections

as 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 analysed

in this section of the Chapter. From a study of the variation of

CD for different elements along the length of the tunnel, the

length required for the attaiirment of an approximately constant

value of C^ is determined. The pressure distribution diagrams

of elements representative of those in a series of infinite -number of
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elements and their characteristics are studied next; these

pressure distribution diagrams are then made use of to study

the variation of C with the spacing parameter L/h and D/h.

Variation of 0-. 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 co.se - one has to ascertain whether a

fairly constant value of C^ 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 distribution

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-cm. ., 40 cm; , 30 cm and 20 cms. Also,

with an element of 4 cm height at 80 cm. and a 2 cm element at 80

cm., spacing, measurements were made on the central two in a

series of four. All these measurements wereperformed in the open-

circuit tunnel with the first element being placed at approxi

mately 25 cm. from the upstream end of the test sect ion. From thy

observed pressures the form drag and the average drag coefficient

Gp of all the elements was computed. Tne variation of C_ 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.



TABLE 6.1

Variation of 0-j along the Length

Height of Spacing Total no.of Position of Average
element cm;.-. element
cm- tunnel

m element m

series
CD

2nd from
upstream

1.17

3rd from
upstream

1.22

2nd from

upstream
1.07

. 3rd from
upstream

1.02

80

80

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 second

and third elements is approximately the same, there is consider

able variation of C_. along the length for some distance from the

upstream end at the smaller spacings. The variation, however,

is not completely erratic; a close examination 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 increase over that _>ft the second, though this value

is less than that of the first. This manner of variation conti

nues along the length with the difference in drag coefficient

between successive elements decreasing in the downstream direction,



It is felt that changes in the extent and nature of the sepa

ration zones behind the roughness elements are responsible for

this manner of variation along the length. However, it is seen

from Fig. 6.3, that in the cases of L/h equal to 5, 7.5 and

10, an approximately constant value of C^ 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 obtained 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, one may suppose that an established

pattern of separation zones leading to an approximately constant

value of C^ along the length is obtained at all the spacings

after a distance of approximately 40 to 50 h from the first ele

ment .

The attainment of a constant value of C-^ was also

checked for a roughness pattern comprising of 3 cm elements at a

spacing of 15 cm. in the closed circuit tunnel. The measured

values of C^ on the 16th, 17th and 18th elements in a series of

21 elements were 0.149, 0.143 and 0.154 respectively- the vari

ation is insignificant considering the probable accuracy of

measurement and one may assume therefore, that a constant value

of CD is 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 fro# 2.5 to 40. For all the
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spacings except L/h equal to 2.5, the pressure on the downstream

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 slight variation of pressure on the rear over

the height, though not always consistent. However, in 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 betv/een y/h and -^u " ^d , the same

fjfV 2/2
parameters used for single elements.

It is seen from the above diagrams that the dimension

less pressure, distribution around the element is practically

independent of the velocity at all spacings. This is consistent

with the established concept (36) that the dimensionless pressure

distribution and the drag coefficient for a sharp-edged element

are independent of the Reynolds number, for Reynolds number

values exceeding 10 . However, the scatter of points on

Fig. 6.4 with change in velocity is slightly more than that

on Pigs. 5.1 and 5.5, probably because of larger fluctuations

of pressure in case of elements in series. Also, since except

in one or two cases, the slight variation with

change if velocity was inconsistent, it is concluded that the

dimensionless pressure distribution is independent of the velo

city changes and hence average lines have been drawn.

A 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 " pd is
" 2
§V/2

approximately constant over the entire height of the element,

except for a small region near the crest. At L/h values bet

ween 2.5 and 7,5, a pronounced decrease in pu~pd
; 2
5 V /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 downstream of the previous

element.

Variation of C^ with h/L and D/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

distribution 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 Pig. 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 CD showed no significant dependence on the velocity and
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average values have been used in the analysis.

By dimensional analysis it has been shown in Chapter

III that

CD - 0 (h/L ,D/h)

The data plotted on Pig. 6.5 indicate that the use of

D/h as a third parameter systematises the scatter of points

on a plot of 0- vs h/L. For a given value of D/h, OL conti

nually decreases with increase in h/L , and C 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 C^ 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

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 v/ould need

to be determined at the given value of D/h (equal to 6/h) from

Fig. 5.8 and Eq. 5.2 as described before, However, values

so computed for h/L equal to zero were less than the observed

CD values for finite spacings of the order of 15 h. But the

study of the variation of C^ along the length had shown that

CD attained a constant value after a comparatively short

initial length and it may, therefore, be supposed that the

boundary layer effects on C^ are inappreciable in these cases.

Hence all the curves on Pig-, 6.5 have been extended to the C
D

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 0 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 CD estimated from Fig. 5.8 and Eq. 5.2 .rather than from

the extrapolation shown in Fig. 6.5. However, Adachi's experi

ments (2 ) on two-dimensional strips of finite thickness indi

cate that 0-p increases continually with increase in L/h upto L/h

equal to 160, at a given value of D/h; beyond L/h equal to 160,

his data indicate that the strips could be treated as isolated-

roughnesses,

A comparison between Pig. 6.5 and a similar plot pre

pared by Adachi (2) for two-diraensional strips of finite thick

ness revealed that at given values of 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 C^ ,.. . /_
D_ with h/L : The variation in C 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 valid 'for elements in serie ,

a unique relation would be obtained between C - the supposed
o

value for an infinite stream - and h/L0 However, Fig. 6.6 shows

that even an 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 C_ ) due

to contraction in case of flow past a single element; apparently,

in the flow over a series of roughness elements, the changes in

fl w p ittorn (and thus in C_) due to change3 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 CD0 values (for the infinite stream case)

for elements in series.

6.4 Combined Analysis of Wind Tunnel and Flume Data :

In this section an analysis of the resistance character

istics 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 analysis of the two sets of

data together,one must give due consideration to the various

points enumerated below, someof which were discussed 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 resistance in flume experiments.

b) Skin friction of the plane boundary.

c) 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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ficant contributions 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
3

from the analysis, provided the Reynolds number exceeded 10 .

The Reynolds number Vh/?> in flume runs ranged from 3.5 x 10

to 2 x 104, while for the wind tunnel data the range of the
4 4

Reynolds number Vh/u ' was from approximately 10 to 5.2x10 .

Hence, the flume data have been analysed on the assumption that

the measured 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

examined earlier 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 smooth

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,

this 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 elements are also used to compare the

nature of the flow in the flume and the tunnel. In all cases

o
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except one, only one or two velocity profiles v/ere 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 Fig. 6.7. In the available 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 through

the data at the sections between elements. However, the three

profiles taken over the elements are different from one an

other, particularly in tne 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. Since 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 v/ould be inadequate to obtain accurate velocity

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) v/as varying , However, it

is surprising that the data collected at three different section:-

midway between elements appear to define a single curve, since

one expects a representative profile to be obtained only, after

some length. In fact, after a certain initial length, one can

expect the velocity distribution at corresponding sections to be



106

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

cularly at large spacings. The differences in the character of

the velocity profiles over the element and between elements have

been emphasised by Adachi (2) also.

In view of the possible inaccuracies in the velocity

measurements with Prandtl tube in strongly curved flov/s, the

limited number of profiles taken and also the differences in

the profile 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 e show plots of log-, 0y 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, Tho data plotted in Fig.6.8 indicate firstly that there are

considerable differences in the velocity distribution over

el'-^r.t -0(3 between the elements at Inrge spacings . ;

at small spacings, it may be seen that there is a tendency for

the tv/o 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 follow a single line while

at higher spacings the break may be noticed. It may also be
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mentioned that negative velocities 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

corresponding sections are similar; the results of an attempt at

a quantitative comparison are discussed later.

e) Choice 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 channel of width B, considering a two-dimensional

strip, one can write the force AFB as

A¥B = GDAX ' h« $ ?% ....(6.3)
where AFB is the force on a width z\ x of the roughness

element and V the average velocity along the vertical at the

centre of _\x.

The total force F can be written as

B

FE _ ( G ax h <? V2/. (6.4)
o D 2

Assuming C_ to be only a function of the roughness geometry

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

value of D/h.becomes

D J V & x (6.5)F
B 2 b

The integral in Eq. 6.5 may be written as VBp where V

is the mean velocity of flow over the channel cross section

and p is the momentum correction factor for the velocity
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distribution across the width. Equation 6.5 may therefore,

be written as

FB . PO-^h BV2/2 (6,6)
The value of p is usually only slightly greater

than unity and 6 is assumed to be unity in this case con

sidering that tho error introduced by such a step would be negli

gible. Hence Eq, 6.6 becomes,

PB " V?h B7% (6.7)
Equation (6.7) was used to calculate C for the flume data

while CD for the wind tunnel data were computed on the basis

of centre line velocities and pressure measurements as mentioned

earlier.

The critical examination of the several aspects

mentioned in the foregoing paragraphs reveals that a combined

analysis of the flume and wind tunnel data is justified. Such

an analysis has been presented below and the values of C^ in

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

below :

The average shear stress on the bed can be written as ;

ro = rV (6.8)
This shear can be equated to the form resistance of the

roughness strips, since the other types of resistance are

assumed to be negligible.

i.e. rlS = \ 0 (h.l) e y2/ I -b J ^ 'X) j /2 j L (0.9)
The values of CD were computed for the various flume runs
through Eq. 6.9.

Variation of Cp : On the basis of dimensional analysis
presented earlier, the drag .coefficient of a roughness element
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in series can be written as

CD = 0 (L/h. D/h)

By similarity with the semi-logarithmic equation for

friction in pipes, plots of l//C~"~ vs log D/h were pre

pared for various values of L/h. A number of other forms were

tried, but the above form appeared to yield the most encouraging

form of relationship. Figures 6.9a to 6.9h are plots of l//G~Z~

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

and wind tunnel data. The wind tunnel data plotted on this

figure are the values of C for the representative element in

the series as determined from Fig. 6.3.

For one run with L/h equal to 20 and h equal to 4 cms,

the pressure distribution on the element was measured at the cen

tre line of the flume. This measurement was performed on an ele

ment in the downstream half of the flume. A velocity profile was

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 th_ same run, tho value of C computed on the basis of the

water surface slope and the average velocity over the whole

section (i.e. using Eq. 6.9) has also been plotted on Fig. 6.9g .

There is an appreciable difference between the two computed values

and also the value of C-~ 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 examination it was found that

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 tho 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 measurements with an ordinary Prandtl

tube in the case with large roughness elements are not very accu

rate and thus the departure seen on Fig. 6.9 g is understandable.

In fact by using a corrected velocity (based on equations of velo

city distribution across the width and also by application of

the same ratio between centre line velocity and average velocity,

as observed in the case with no roughness elements, to the

present run) the CD 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 surface slope and average velocity over the whole

cross section.

It can be seen from Pig. 6.9 that at any given spacing,

flume and wind tunnel data follow an identical trend and the data

together indicate a linear relationship between 1//5T and

log10 D//h at a11 valufcS of L/b. This identity of behaviour-
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 shewing that within this range of slopes, the water surface

slope has no effect on the relationship.

The relationship between 1/ /C-J" and D/h can be
written in the general form ;
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1//CLJ' - C]_ log10 D/h + G2 (6.10)

where 0 and CQ are functions of L/h.

From Fig.6.9,the values of C-, and C at various values of L/h

were computed 021 the basis of the mean lines drawn through the

plotted points. The variation of C-, and C 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 C increases with increase in L/h.

Use of Figs. 6.10 and 6.11 along with Eqs. 6.8, 6.9 and 6.1O

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 consistent at all spacings. Nevertheless, it is seen

from Pig. 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. Experiments

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 ;

' VA* - 2.30^ log10D/h+B1 (6.11)
While B-, is a constant dependent on the type and arrangement

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 A,, E_i. 6.11 can be modified to ;

?/V# " V°«iop/h+Bi (6-12)

But Eq. 6.9 can be written as

?/v = / 2 fTTT (6.13)

Combining Eqs. 6.12 and 6.13 t

X/ /5lT"= Ai/;h/L logl - V/h + B1 / h/L (6#14)
2 2

Comparing this with Eq. 6.10,

°1 = Ai/^" (6.15)
2

Figure 6.13 shows a plot of L/h vs C computed from

Fig, 6.9. . Assuming a constant value of A-, as done by most

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

and L/h on Fig. 6.13. The value of A equal to 6.06, as given

by Sayre and Albertson (37) has been used in drawing such a

straight line on Pig. 6.13. The data indicate close agreement

with the above line at L/h values greater than 5. AtL/h

values less than 5, the plotted data indicate C-, 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 a shift in the datum 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 C . Apparently, Eq. 6.12 with a constant value of A.
1

can be used with the flume bottom as datum at L/h values higher

than 5; at L/h values below 5, a correction for the datum would

be required . However, in- using Eq. 6.10, one need not apply

corrections for shift in the datum as it is implicit in the

values of C, and G .

6.6 Variation of u/V* with log y :

For a given value of D/h and L/h, it is seen that

1//Grj~ is constant; in other words V/V# is constant.

Thus in the conventional equation for resistance

^A* B _! logm D/K + constant (6.16)
K -lo 7*

K_, the equivalent sandgrain roughness would be a constant for

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

the variation of u/V* with log y on the basis of the following

equation ;

UA* = -^— loS10 yAs + constant (6.17)

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

of D , h and L, a unique relation v/ould be obtained between

u/V# and log1Qy . a 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* vs

log y on Pig. 6.14. For this purpose, in the wind tunnel data
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V* was computed from the known values of C^ ,while for the

flume data V, equals /gl^ . it is seen from F±g# Q^
that there is an appreciable difference between the trend of
the wind tunnel and the flume data. Though alarge number of
profiles were not available to m.ke any general conclusions, it
•appears that the length after which C^ for tho element remains
constant is not adequate to achieve arepresentative velocity
distribution. It is also possible that the parameter CD is not
so sensitive as the velocity distribution to the variations of
flow pattern which may exist in the initial length. However,
lack of certainty regarding the accuracy of velocities measured
with Prandtl tube in strongly curved flows and the absence of
velocity data in th. region of reverse flows make it difficult to
conduct amore thorough analysis of this aspect of the problem,
at present.

-:o:
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CHAPTER - VII

ANALYSIS OF DATA - III

COMBINATION OF ELEMENTS OF DIFPERENT HEIGHTS

7.1 Preliminary Remarks :

In this Chapter, the experimental results on the

resistance 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 effect

of two roughness series on the total resistance is studied

lat er.

7.2 Small Roughness Element Placed Downstream of a Large One

(Both on the Floor):

The data on the resistance of a small roughness element

placed in the wake of a large one were collected with the

intention of providing information for the estimation of wind

forces on smaller structures in the wake of large ones. As

already described, a 4 cm high strip was placed at the section

where 6 is 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 v/as measured on both the

elements. Tho 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 Fig. 7.1. 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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snould be treated as purely qualitative as the values of C^

are not corrected for the blockage effect. Nevertheless, the

following features may be noticed by a study of Fig. 7.1,

a) The drag coefficient of the 4 cm element is 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 (6 equal to 1.12 cm) with the

small element removed.

b) Within a distance of approximately 11 times the height

of the large element, the drag coefficient of the 2 cm

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 element.

c) Beyond a distance of 11 times the height of the large

element, 0^ for the small element is positive and

Fig, 7.1 shows an increase in CD with increase in dis

tance between the two elements; but the increase in

C^ occurs at a decreasing rate and a tendency for 0^

to reaoh 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

elements, one may expect C^ of the smaller element to

decrease, because of the increasing thickness of the

redeveloping boundary layer downstream 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 :

Studios concerning the resistance of a roughness

pattern in which one series of roughness elements is combined

With a 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 tunnel as well

as in the flume and the analyses of the data, are 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 cm spacing to form the 'primary

series'; 2 cm elements were fixed at a certain distance Ik

downstream of each of the 4 cm elements to form the 'secondary

series". Different values of L± were used and the drag co

efficients measured on the third element in the primary as well

as the secondary 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 elements . In this case also L,

was varied and CD found in the same v/ay as for the former.

Figures 7.2 a and 7.2b show the variation of C^ of
elements in the primary and secondary series, with L , for both

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 number of elements in the tunnel may not
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be adequate to obtain a constant value of C-^ along the length

for each series; as such, the results are qualitative. In

Fig. 7.2b, the maximum value of L upto which the pressures

were actually measured, was 40 cm ; obviously, beyond L-, equal

to 40 cm.-, the curves v/ould be a mirror image of the curves upto

L-, equal to 40 cm...

It is seen from Pig. 7.2 that an element of the second

ary series, if placed within 6hto 7h from an element of height

'h' in the primary series, experiences a negative drag force.

Beyond this distance, the element in the secondary series has a

positive drag coefficient. As contrasted to the case of only

tv/o elements placed on a boundary where the drag coefficient

of the large element remained approximately constant, C^ of the

element in the primary series is significantly affected by

changes in L., 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 L-, .

Flume Experiments :- The total resistance due to the

combination of tv/o roughness series was measured in the flume for

the various patterns listed in Table 4.1 , of Chapter IV. The

data are analysed 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' CD of an

element in the primary series is calculated from Eq. 6.9 from

the measured values of V , S and D when the tv/o 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 known from



119

Figs. 6.10 and 6.11 and Eq. 6.10, the change in resistance due

to the introduction of the secondary series may be calculated

easily.

For the purpose of computing the change in resistance

the following procedure was adopted. The computed values of

l//0_~ (where CD is the 'effective ' drag coefficient of the
element in the primary series) and log1Q D/h v/ere plotted and
a straight line yielding the same value of C as that for the

primary series alone (obtained from Fig. 6.10) was fitted through

the plotted points. The value of Cg was then found from these
lines. The change in the value of Cg from that for the primary
series alone reflects the effect of introduction of the secondary
series.

Figures 7.3a to 7.3 i show plots of l//C-7~~ versus

loSqO DA for the different patterns tested . It is seen that

the line fitted by assigning the same value of G, as for the

primary series alone represents the average line for the plotted

points in almost all cases, thus justifying the choice of 0,,

On the above figures are also plotted the values of the

'Effective' drag coefficient for the tunnel data computed from

the easily derivable relation.

"°>P VS+» ♦«».-flVVi ....<T.l,
= Height of element in the secondary series

= Drag coefficient of an element in the

primary series

s Drag coefficient of an element in the

secondary series.

cD h/]. e V2/
2

where h'

%

s
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P = Number of elements in the secondary series in a

length L.

In calculating C^ , consideration was also given to the sign of

the drag coefficients CD ard . It is seen that in all
s x D

P

cases , the tunnel data so computed fall well below the lines

drawn on Fig. 7.3. The fact that the values of C^ and 0
p s

found in the tunnel may not be truly representative of elements

in a series of large number of elements, could be one possible

reason for the difference in the trend of the flume and tunnel

data on Pig. 7.3; however, no complete explanation can be offer

ed with the limited data available.

For the purpose of computing the value of C in Eq.6.10

the lines drawn on Fig. 7.3 were used despite the departure of tin

tunnel data from this line. The above values of 0 are plotted

against L1 for both sets - namely primary series with L/h equal

to 20 and L/h equal to 40 - on Figs. 7.4a and 7.4b . In the case

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 L± tried; however, it rem ins to

be seen whether the above behaviour is true when the secondary

element is kept very close to the primary element. In the case

of the primary series with L/h equal to 20, it can be seen from

Fig. 7.4 b that introduction of the secondary series causes a

decrease in resistance in all cases.except when the secondary
element is exactly midway between the primary elements.

•:o:
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CONCLUSIONS

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 boundary

layer and tne 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

studied. Some experimental results concerning the resistance

variations due to introduction of a small 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 C^ 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 attributed primarily to the decrease in the -

dimensionless pressure dh the downstream face with

increase in h/D, The equation

0 / 2.85
\ /CD = <* ~VD)

can be used to find the drag coefficient 0^ of a
plate kept 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 C - 0.96 is inapplicable in the case of an element
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with a tailplate. However, the adoption of a value of

0 equal to 1.755, based on the studies of Arie and

Rouse (4), yields a blockage correction which is

suited for the case of a normal plate provided with a

tail plate.

3) The drag coefficient CD of a single normal plate in
o

a boundary layer decreases continually with increase in

6/h as shown in Pig. 5.8, Use of this figure along

with tne equation C^ /n _ , u/r^2'85 v,D0/Op ~ (l-h/D) enables tne

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 bod of an open channel, however, indicates

quantitative differences between the observed and

predicted C^ values.

4) 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) C£ is found to be
approximately constant at high values of 6/h; at lower

values of 6/h, C-J is a function of 6/h as shown in

Fig. 5.9.

5) The application of the method suggested by Morris (17)

to estimate the resistance of a series of elements of

the type used in this study reveals that the method

is 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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is fair.

6) For roughness elements in series, the drag coefficient

of all elements in the series, beyond an initial

length of 50 times the height of the element, is

approximately constant.

7) The total resistance of aplane boundary with rough
ness elements having L/h ranging from 2.5 to 40,0 and

at low Froude numbers may be estimated on the assump

tion that the total resistance is equal to the form

resistance of the roughness elements. The empirical

equation ;

v/tg~ - o1 iog10 da +c2
based on flume and tunnel data, enables determination

of the total resistance of the bed; Figs. 6..10 and

6.11 show the variation of ^ and Cg with L/h.
8) A comparison of the above equation with the conven

tional resistance equation ;

V/A - 6.06 log1 D/h + constant,
indicates that the datum may be set at the flume

bottom P0r L/h ranging from 5 to 40 and above for this

type of roughness elements; at L/h less than 5, the

datum needs to be set at a higher level in using the
conventional equ-ation.

9) The drag 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

tho large element. Beyond this distance, C^ of the

small element is positive and increases with increase

in distance from the large element and appears to reach

a maximum value immi kept at approximately 50 h away

from the large element. The drag coefficient of tho

large element, however, is unaffected by the proxi

mity of the small element.

10) With 4 cm elements kept at a spacing of 80 cm. ,

introduction of a smaller element of 2 cm height at

any fixed point downstream of the large element

leads to a decrease in resistance in most cases.

However, with 4 cm elements at a spacing of 160 cm ,

introduction of the smaller element causes an increase

in resistance in most cases.
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FIG.6.9.VARIATI0N OF -p=- WITH D/h AND L/h FOR TUNNEL AND FLUME DATA
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FIG.6.10.VARIATION OF Q WITH L/h FOR ELEMENTS IN SERIES

FIG.6.11_VARIATI0N OF C2 WITH L/h FOR ELEMENTS IN SERIES
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FIG.71.VARIATI0N OF CD WITH Li FOR CASE OF 2 CM STRIP
DOWNSTREAM OF 4 CM STRIP (5/hr0.28)
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FIG. 7.2(b). VARIATION OF CD WITH RELATIVE DISPLACEMENT OF
TWO SERIES OF ROUGHNESSES (TUNNEL DATA)
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FIG. 73_ VARIATION Of'eFFECTIVE Cd' OF AN ELEMENT IN THE PRIMARY SERIES
WITH D/h FOR COMBINATION OF TWO ROUGHNESS SERIES <3_5
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' '' TABLE - I

SUMMARY OF FLUME DATA OOLLECIED BY THE flTTHOR

Width of flume = 47.20 cms. Manning's rnf for side wall =0.009

Manning's rn' for wooden bottom = 0.0135

(See Table 4.1 for details of roughness patterns).

Ann No cms SxlO3 Cms/See T°C Cms
D

T~ Rb

k - 1 24.88 2.875 49.50 15.0 22,40
4-3 19.24 m 39.60 it 17.85

Al - 3 13.73 »i 27.80 it 13.17

% - 4 16.55 0,75 14.75 31.0 15,80
AL - 5 21.00 it 20,10 tt 20,10

to - 6 25,66 tt 24.80 it 23.10

h -1 33.18 » 30.00 ti 28.65

it - 6 19.56 2.875 30.30 14.5 18.60
;. - 7 29.56 tt

39.30 15.0 27.45
_ - 8 13.57 n 19.20 14.0 13.57
k - 9 33.50 0.75 24.60 29.5 30.20
„ - 10 24.99 it 18.80 it 23.40
I - 11 18.9* tt 12.75 31.0 18.20
A - 12 25.10 1.85 31,60 15.0 23.30

„6" 1 13.79 2.875 18.75 20.5 13.40
-3" 2 19.82 ii 30.00 21.5 18.85
u >"• 3 30.12 it 43.50 22.0 27,70
-j- 4 17.00 0.75 11.30 31.0 16,50

20.52 it 13.50 ti 19.70
A3- 6 26.29 it I7e 70 it 24.70
A6- 7 3°. 50 it 22,80 ti 29.70

Ag. l 30.79 2.875 41.30 15.0 28.45
Ao- 2 19.64 ti 27.00 14.0 18.80
Ao_ o 14.05 it 16.90 14.0 13.80
/i2-4 16.25 0.75 10.95 31.0 15.75
ftg- 5 20.36 tt 13.05 it 19.60
Ao- 6 25.05 tt 16.85 tt 23.60
'_- 7 33.17 H 24.00 it 30,00

(Contd)



Run No cms

D
SxlOv Cms/See T°C

173

Cms

Rb

A5- 1 31.42 2.875 41.70 19,5 28.70

A5- 2 19.50 tt 26.60 20.00 18.70

As- 3 13.84 tt 16.20 21.0 13.60

A5- 4 32.17 0.75 22.80 31.0 29.30

A5- 5 26.47 it 17.60 ti 24.90

A5- 6 20.80 tt 12.70 11 20.00

A3- 1 13.05 2.875 15.60 15.0 12.80

A3- 2 19.85 it 27.70 - 19.00

A3- 3 29.42 tt 40.60 16.5 27.20

A3- 4 32.41 0.75 23.20 31.0 <-*_/ 'j *-A_<

A3- 5 26.01 tt 17.85 11 24.40

A3- 6 20.20 tt 13.20 it 19.40

A7- 1 30.73 2.875 42.70 19.0 23,-10

A7- 2 26.92 tt 38.50 ti 25.05

A7- 3 22.56 it 33.30 11 21.30

A7- 4 15.47 11 21.50 n 15.CO

A7- 5 13.08 tt 16.35 11 12.80

I - 1 14,82 tt 39,20 15.5 13,75

9-2 19.93 it 49.00 14.5 17.85

? - 3 9.60 tt 26.50 14.0 9,25

P - 4 32.54 0.75 38.40 28.0 26.30

? _ 5 24.62 it 29.70 tt 21.40

P - 6 14.69 11 20.60 1! 13,60

Px- 1 13.47 2.875 30.60 14.0 12.15

Pl- 2
PX- 3

18.87 tt 39.30 11 17.50

25.39 11 48.50 tt 22.80

Pi- 4 10.24 ti 22.10 n 9.95

P-i - 5 16.63 0.75 17.15 28.00 15.70

Px- 6 24.11 » 24.60 tt 21.85

Pl" 7 32.31 11 30.80 it 27.50

(Contd)
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Pun No cms

D

SxlO3 Cms/See

• T

T°C Cms
Rb

P3- 1 9.75 2.875 17,40 22.0 9.36

P3- 2 16.16 ti 32.00 23.0 15.30

r'3- 3 25.33 it 50.00 25.0 22,65

P3- 4 32.56 0.75 30,60 28,0 28.10

P3- 5 23.83 tt 23 o.40 it 21.70

P3- 6 16.85 tt 17.00 :i 15.90

AAU- 1 14.13 2.875 21,40 16.0 13.70

AAU- 2 19.93 tt 35,10 n 18.70

AAJ- 3 27.63 tt 45,15 It 25.20

AAU- 4 32.18 0.75 26,20 28,0 28.60

AAU- 5 24.57 ti 20,30 ii 22.80

AAU- 6 16.38 tt 14,24 M 15.70

APZ- 1 29.03 2.875 44,00 15,0 26.80

APZ- 2 19.73 ti 33,50 14.0 18.58

APZ- 3 14.00 tt 22,00 ii 13.55

APZ- 4 32.24 0.75 26.90 29,0 28.60

APZ- 5 24.50 ti 20.90 u 22.60

APZ- 6 17.86 tt 14.50 n 17.05

APiZ-1 14.21 2.875 22,40 15,0 13,74

iPiZ-2 19.40 it 34.40 ti 18.25

APxZ-3 27.57 it 46,00 it 25.10

AP1Z-4 23.23 tt 39.50 27.0 21.25

iii'-i Z— o 32.37 0.75 28.80 29.0 28.30

a?iZ-6 24.08 it 21.60 ;i 22,20

APiZ-7 17.08 tt 14.90 it 16.25

APY- 1 27.23 2,875 46.50 15.0 24.60

APY- 2 19.69 ti 35.20 n 18.45

APY- 3 13.91 tt 24.10 n 13.40

APY- 4 17.63 0.75 15,00 28.0 16.85

APY- 5 24.34 tt 22.20 ii 22,35

APY- 6 32.80 tt 29.00 ii 28,60

(Contd)
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Pun No cms . SxlO3 Cms/See T°C Cms
D

T
Rb

APX- 1 19.69 2.875 31.20 14.0 18.65

APX- 2 29.24 it 39.70 ti 27.05

APX- 3 14.12 it 20.30 ti 13.76

APX- 4 14.19 ti 19.40 27.0 14.00

APX-5 23.88 11 35.40 1! 22,40

APX- 6 23.93 ti 41.40 II 26.70

APX- 7 3.3.55 0.75 23.90 27.0 30.30

APX- 8 23.40 11 16,75 H 21.50

A1P2W-1 14.42 2,875 27.50 15.0 13.83

AiPgW-2 19.41 ti 35.90 ti 18,20

A^gW-3 27.32 tt 46.;50 1; Cj <_ 0 J_O

A1P2W-4 33.29 0.75 26.70 28.0 29.60

A1P2W-5 24.93 it 20,60 n 23.,05

AxPgW-6 17.78 11 13.84 r 17.00

AiPgX-1 27.51 2.875 49.30 15.C 24,70

AiPgX-2 19.38 it 37.80 11 18.05

lh x'2X-3 13.34 ti 24.90 ti 12,85

A-LPgX-4 16.45 0.75 15.60 31.0 15.60

Ai?2X-5 24.99 ti 20.90 V. 23.10

AxP2X-6 32.82 it 28.40 Ii 28.80

A]_P X-1 13.73 2.875 24,40 14,0 13.25

tjj X-2 19.14 tt 35,50 t; 17.95

Aj_P X-3 27.64 n 49,00 11 24.80

Alp x"4 32.41 0.75 27.60 30.0 28.70

*|P X-5 23.87 it 20.80 :; 22.10

AXP X-6 16.86 n 14.05 1! 16.10

A-P£-l 32.92 11 27.60 31.0 29,00

:,1p2t-2 24.38 tt 21.00 it 22.50

A] P2T -3 16.75 it 14.05 ti 16.05



TAPLE - II I •}' g

3UMMARY OF WIND TUNNEL DATA ODLLECTED BY THE AUTHOR

ON NORMAL PLATES KEPT IN MIDSTREAM AND PROVIDED WITH
A TAILPLATE

Pun No Cms

h

Cms

D

m/s
V

T
c C0 CD (Averrge)

i',-1 2.10 32.40 12.20 37.00 1.65

£-2

A-3

n

it

it

it

9.70

8.55

37.00

38.0

1.62

1.56
1.611

A-4 n it 6.86 38.0 1.60

0-1 4.00 32.40 11.90 37,5 2.00

i_3

0-3

it

ti

it

tt

9.61

8.35

31.0

32.0

1.99

1.92
1,97

0-4 it it 6.82 33.0 1.98

1-1 5.00 32.40 11.35 29.0 2.24

1-2
it ii 9.63 31.5 2.26 2.25

A-3 ii it 8.35 33.5 2.29

\-4 tt ii 6.84 34,5 2.25

M-1 6.00 32.40 10.80 32.0 2.45

M-2 ii ti 9.61 30.5 2.48 2, 4o

M-3 n ii 8.35 32,0 2. 44

M-4 ii it 6.85 36.5 2.54

L-l 8.00 32.40 9.91 31.0 3,13
3.07

1,-2 it tt 8.23 34.5 2.90

L-3 ii it 6.80 29.5 3.17

X-1

A-2

14.00
it

81.00

it

12.20

18.10

28.0

32.0

2,32

2.34
2.35

X-3 it tt 24.60 39.0 2.40

Y-l 5.00 81.00 13.10 29.0 1.62 1.63
Y-2 it tt 21.90 25.0 1,62

Y-3 it tt 18.10 25.0 1.64

Z-l 3*. 00 81.00 12.10 28.0 1.56 1.56



TABLE - III 17 7

SUMMARY OF .JIND TUNNEL DATA COLLECTED BY THE AUTHOR ON NORMAL
PL AT13 IN A TURBULENT BOUNDARY LAYER..

LVin Cms Cms Cms m/s T°c CD CD( Average) CDc
j 5 h D V (Average;

C-l 4.35 1.00 32.40 12.45 19.0 0.75 0.76 0.69
c_2 " " " 10.10 " 0.77

Pa-1 0.70 2.00 32.40 12.10 28.5 1.24
pa-2 •' " " 9.62 30.0 1.26 1.23 1,03

i u-3 » • " 6.82 31.0 1.18

Pb-1 01.12 2.00 32.40 12.80 25.0 1.13
pb- 2 " " " 9.62 30.0 1.13 1.14 0.95
Pb- 3 " " " 6.80 30.0 1.16

4

Pc- 11.68 2.00 32.40 12.69 27.0 1.12
p - 2 • « " 9.64 31.0 1.12 1.12 0.93

i c- 3 " " " 6.76 29.0 1.12

pd- 1 2.60 2.00 32.40 12.70 29.5 1.06
p.- 2 " » " 9.57 28.5 1.01 1.05 0.87

p _ 3 it ti » 6.76 28.0 1,07
:1

PQ- 1 2.90 2.00 32.40 12.80 23,5 0,99 0.99 0.83

Pf- 1 3.40 2.00 32.40 12.70 29.5 0,97
p - 2 '• » « 9.62 31.0 1.01 0.98 0*32

Pf- 3 " " m 6.85 34-0 0,96

P„- 1 3.90 2.00 32.40 12.65 32.0 0.96
F°- 2 •» » « 9,26 " 0,98 0.97 0.81
p"- 3 " " " 6.82 " 0.96

(Contd)



A in Cms
b

Ph- 1 4.35

•V2 "
Ph-3 "

Aa- 1 0.78
Aa- 2 "

a ,- 3

Cms

h
Cms

D

m/s
V

2.00 32.40 12,75 29.0

" " 9.83 30.5

" " 6.82 32.0

4.00 32.40 11.65 24.0

" " 9.50 ".

" " 6.72 "

isb"
1 1.12 4.00 32.40 11.80 38.0

^D"
2 ti it it 9.67 38.0

Ab- 3 n ti tt 6.87 39.0

AC~ 1 1.68 4.00 32.40 12.05 26.0

Ac" 2 it tt tt 9.46 22.0

^c" 3 it it it 6.70 23.0

%- 1 1.84 4.00 32.40 11.85 12.0

A^- 2 ti tt tt 11.65 18.0

"d- 3
it tt it 9,41 18.0

M" 4 it it it 6.67 21.0

V 1 2.50 4.00 32,40 12.05 21.0

Aq- 2 tt it it 10.5 21.0

Ae~ 3 it ti it 8.13 18,5

--e" 4 % tt n 5.35 it

;lf" 1 2.60 4.00 32.40 12,20 22.0

~f"
2 tt t! it 9.47 22.5

Af- 3 ti II ti 6.69 22.0

178

^ CD0
(Average) (Average)

0.97

0.92 0.95

0.97

1.67

1.77

1.74

1.56

1.55

1.54

1.46

1.37

1.39

1.42

le44

1.44

1,54

1.37

1.37

1.30

1.35

1.36

1.28

1.35

1.73

1.55

1.41

1.46

1.35

1.33

0.80

1.19

1.07

0.97

1.00

0.93

0.91

(Contd)
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Pun Oils

6

Cms
h

Cms
D

m/s
V CD oD cD

(Average) (Average)

Ao-- 1 3.40

A * 2 ii

A,- 3 ii

4.00 32.40 12.05 21.0

" " 9.42

6.72

20.0

24.0

A^- 1' 3.90 4,00 32.40 IP. 20 32.0

•V 2

Ah" 3

9.39 32.0

6.80 32.0

1.27

1.34 1.32

1.36

1.34

1.30

1.38

1.34

Aj_- 1

k±- 2
4.50 4.00 32.4d 12.00 18.0 1.31

" " " 9.40 18.0 1.30 1.32

A4- 3 it 11 6.67 20.0 1.37

0.91

0.92

0.91
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TABLE - IV.

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

Run Cms Cms Cms m/s T°r - Cn( Average)
No. ^_h D L V D D

pl0-l 2.00 32.40 80.00 11.30 29.0 1.05

P10 -2 " » " 9.65 30.0 1.02 1.02

,'4q-3 " " " 8.38 32,0 1.01

A-io-4 " » " 6.85 33.0 0.99

B2o-l 3.00 81.00 60.00 29.70 40.0 0.60

320-2 « « v » 25.90 4Q.0 0.57 0#5?
B20-3 » " • 20.10 39.0 0.56
B20*4 " " " 13.35 40.0 0.53

A2Q-1 4.00 32.40 80.00 9.77 14.0 1.23
a2Q-2 « " » 8.85 20,0 1.2 5 1#22

A20-3 » " " 8.18 21.0 1.18

A?0-4 '» " » 6.70 21.5 1.21

P20-l 2.00 32.40 4Q.00 11.25 30.0 0.74

r2o-2 '» " »' 9.59 27.5 0.71 0#74
Po0-3 • •• « 8.27 31.0 0.78
i90-4 " • » 6.76 29.0 0.73

Ao0-1 3.00 32.40 60.00 10.45 27.0 1.01

Ao0-2 » " « 8,11 " 1.03

d2o-3 • • . »' 6.75 • 1.07

1.04

(Contd.)



Ul

Run Cms Cms Cms m/s T°
Ho h D

Is %* T c S oD(Averag6)

B15-l 3.00 81.00 45.00 32.10 43.0 0.48

315"2 " " '< 27.50 43.0 0.46

B15-3 » » » 22.90 42.0 0.46

Bi5-4 w » " 15.75 41.0 0.46

AL5-1 4.00 32.40 60.00 9.58 21.5 1.14

*M5-2 " m m 8#75 16>0 ltl4
A].5-3 « « .. 8#07 12#5 lr08

Ai5-4 '« « " 6.67 20.0 1.14

0.47

1.13

-15-1 2.00 32.40 30.00 10.62 19.0 0.62

' 15-2 « " * 9.46 22.0 0.64 0,62

-15-3 " " » 8.20 23.0 0.60

i-iS-4 '« » •' 6.70 " 0.58

-10-1 3.00 81.00 30.00 32.80 38.0 0.33

!lQ-2 » h .t 28.00 40.0 0.33 0.31

=L0~3 " " " 24,80 39.0 0.30

Ai0-1 4.00 32.40 4Q.00 9.60 16.0 0.60

^lO"2 " " " 8.79 19.0 0.62 0#65

10"3 " " " 8.10 14,5 0.68

•A0"4 " " " 6,64 1605 0.68

-10"1 2.00 32.40 20.00 11,75 30.0 0.46

l'l0"2 " " " 9.60 30.5 0.45

xl0-3 " " " 8.32 31.0 0.42
''lO"4 " " " 6.53 22.0 0.44

0.45

(Contd)



Run Cms
h

Cms
D

Cms

L
m/s

V

1 eg

'D cd( Average)

"kT1 3.00 32.40 30.00 10.35 27.0 0.61

^lO"2 ti it 11 8.27 11 0.70 0.62

U10"3
it n tt 6*75 it 0.57

M10-l 6.00 32.40 60.00 9.39 17.0 1.27

Mio-2 it 11 ti 8,85 22.5 1.34
1.31

Mi0-3 11 11 11 8,15 1805 1.30

%.o"4 11 ti it 6,68 21.0 1.33

y7.5-l 3.00 81.00 22.5 33.20 41.0 0.24

^7.5-2 it tt 11 29.80 41.0 0.21 0.22

B7.5-3 11 11 it 25.40 40.0 0,21

37.5-4 11 ti ti 17.80 39.0 0.22

A7.5-1 4.00 32.40 30,00 9,45 14.0 0.51

V.5-2 11 tt 11 8.13 17.0 0.51 0.53

A7.5-3 11 11 tt 6067 21,0 0.54

iJ7.5-l 2.00 32,-40 15,00 10.60 12.0 0.348

p7..5-2 it 11 tt 9,34 14,5 0.301

p7.5"3 tt !! 11 8.14 17,0 0.375 0.36

p7.5-4 it II 11 6.64 18,0 0.369

M7,5-l 6.00 32.40 45.00 9.70 15,0 1,02

M7.5-2 it 11 it 8,87 16,0 0.98 1.00
M7.5"3 ti ii it 8.14 18,0 0.96

M7#5-4 11 1! it 6.66 20.0 1.02

B5- 1 3.00 81.00 15.00 34.30 40.0 0.15 0.14
Ps- 2 11 11 it 30.80 44.0 0.14
B5- 3 n 1! 11 18.80 35,0 0.14

1 0oi:td)



Run

No

As- 1
A5- 2
As- 3

46- 4

P5-2
Pc- 3

1U- 1

2

3

R5- 2

u5

,15- 1
I_- I
^5-3

•,J2.5"1
jo 5-2

JiO 5~3

;-l

-2

*2 . 5*

.511.0

Cms
h

4.00

t»

H

tt

2.00
ti

»t

3.00

11

ti

6.00
it

ti

3,00
n

tt

4.00
it

P2#5-l 2.00
' :-2XA5'

i'2.5-3

it

n

Cms

D

32.40
11

11

it

32.40
tt

it

32.40

tt

tt

32.40
tt

11

81.00
tt

11

32.40
it

Cms

L

20.00

tt

11

10.00
It

It

15.00

11

it

30.00
tt

it

7.50
tt

it

10.00

tt

m/s
V

9.52

8,75

8.15

6.59

10.50

9.44

6.72

10.45

8.27

6.75

9.13

8.04

6.63

34.70

31.10

26.60

10.05

8.15

12.5

16.0

19.5

13.0

18.0

21.0

24.0

-27.5

it

tt

'16.0
.11.0

16.0

' 44.0

•44.0

. 44.0

16.0

20.0

23.0

11

0.39

0.3 5

0.42

0.40

0.22

0.23

0.23

0.28

0.33

0.27

0.63
0.57

0.65

0.055

0.045

0.051

0.136

0.158

0.056

0.037

13.0 0.053

183

CD( Average)

0.39

0.23

0.29

0.62

0.05

0.14

0.05
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