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Effect of flexible beds on flow stability in open channels., By A.M.Hatata

it ﬁyf.g 1.%1“3_5{; 1]

A brief review is given of the availabl@-
theoretical and experimental work of Nonweiler and
Kramer relabing to the effect of surface f£lexibility
on Lthe maintenance of laminar flow in water.

This thesis describes the results of tests
on & sample of a thin sheet of soft rubber used as a
bed Ffor an open channel. The influence of +this
flexible bed on the stability of flow in open channels
is discussed with gspecial refereuce to the effect of
delaying transition from laminar to turbulent flow.

To this end, two criteria analogous o those of
Nonweiler -~ the one for the elimination of the
Tollmien~Schlichting waves, and the other foxr the
el inination of the flexural wvaveg - ére applied %o
tne congideration of the effects of possible changes
in. the bed material (to wmelinex for exalple).
fransition wvas inferred from messuremnents of
the friction coefficient and Reynolds nuaber. The
experimental procedure for measuring the friction
coefficient and Keynolds number is discussed, and al 80
the experimental lLimitations which alfected the

neasurements (hydraulic juup, and uneveness Of the

s



rubber bed for example).

Owing 4o the limitetions of accuracy, a
statistical analysis for the results had to be applied
in order to £ind the most probable values of Reynolds
number for transition. It was found that 1if the Q0%
probability level is comgidered, the flow is likely to
be laminar &t a value of seynolds number of aboul 620,
trangilitional at a value of Heynolds number bebween
L6000 and L8800, and turbulent at a value of Reynolds
numper equal o 25370

It seemed doubtful whether the flexible hed
used , maintained the laminar flow, when compared with
rigid beds heving the same shape. The materilal used for
the bed may be thought, perhaps, 10 be so0 thin that
flexural waves exists this seemed 0 be indicated by
gross instabilities observed in the flow when the bed
was tensioned enough 10 ensure that the whole width of
the channel was welbted . |

Other flexible nmaterials are suggested which
are bthought probably {0 have beltter stabilizing effect

on the Llowe
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Lo TNTRODUC TION

A series of papers by Kramer (1,2,3) has
appeared in which he describe:n experiments conducted
moinly on a torpedo-~siaped body towed under water. It
is claimed that appreciable drag reductions were Lound
in certain conditiong, and that this was due to the

]

damping distributed over the flexible curflface:r which
ztabilized the flow and resulted in an increased cxtent
of leminar boundary layer, Thig mechanigm ox boundaxry

lJayex control was suggesited to Kramer by his

Lot

microscopic studies of the structure of the skin ol a

(4)

dolphin, whose outstanding top speed performance

i

suggests that the drag coefficient of the animal in

g )

%

these conditlong must have a value apﬁroprimte to wholly
laminax flow,

Kramer’s tests showed tiiat over the wiaole
speed range of the tests the drag coelfificient waen the

torpedo~szshaped body was fitted with flexible surfaces

vas always less than when the surface was rigid,

o
p =3

Skins of vawrying stiffnesses were vasted, cach
over a range of values of tue vigcogity of The damping
fluid., The best results at top speed were obtained wiin

a coating of stiffness 8001b/sq.inch/inch when filled



with damping fluid 300 ceatistokes., The drag was then
59 per cent of that of the rigid surface model, which
implies-83 per cent laminar flow, or a five times
increase in transition Reynolds number.

Similar problems are theoretically treated
by NonweilerSS) where he developed an appropriate form
of the boundary layer stability equation for the condition
wanere tvhe fluid is in contact with an4isotropic and
homogeneous elastic medium, and obtained various
approximate analytical solutions for certain vypes of
curface, so0 as $0 reveal qualltatively the origin and
characteriztics of neuwiral oscillations, In the wvorxed
solution the ‘elastic medium is treatved as non-dizsipative,
and the interior boundary is supposed either fixed, or
free of stress, or exposed to ¥luid, +the boundary layer,
in addition, is treated as that over a {lat plate in an
incompressible 1luid,

Tne purpose of the work described in this thesis
is to investvigate the stability of open channcl ilow
over a flexible bed, which is clamped along cide supportso
parallel to the flow direction, so as o supvort the
fluid by tension alone. In endeavouring to examine this

~

work in relation to that of Kramer, it is of course at

once evident that the value or Reynolds number iom



transition is not the same for flow in channels as that
for a flow past a plate. The boundary layer beconecg

turbulent for flow past a semi-infinite plate at

_ Dx \5
Rx = y ~ 3 x 10

where x is the digtance from the forward point and v is
the kinematic viscosity, or atb

R. = 39 ~u 1000
o v

vhaen evaluated with respect to the thicknegs 6 of the
boundary layer, The value of Reynolds number of
transition for flow in open channels is

R = Y4

5 = 500,
where v is the mean velocity of flow and m is the
hydrsulic mean depth,

There is also a difference bhetween the

flexible material used for the channel bhed and tnnt

of

®
jong}

(o

used by Kramer, The bed matverial used consist
thin elasvic shceting of rubber 0,023" thick, clamped
along the side supports of a cihannel, winile tuat of
Kramer was a heavy rubber diaphram 0,08" thick,
supported by a mulititude of +tiny rubber stubs
representing a multivtude o capillary ducts which could
be Tilled with a damping fluid of appropriate viscocity.

However, Nonweiler suggests in his theory two



interesting criteria for the stability of the boundary
layer in contact with a flexible skin, and a analoy
t0 thesge criteria will be used in this present
investigation. His first critgrion is that for the
elimination of Tollmien Schlichting waves (small regular
ogcillations in the laminar boundary layer which grow
up when the boundary layer becomes turbulent), we must

" 3.2 2 4 C o e - y
make (6 04/0ué) less than in round numbers - say, 2000,

0 of the thickness of the elastic

where © ig the rati
ur-

skin 0 —=

A 1ﬂ k 9

k 1s the surface velocity gradient of the
boundary layer,

Cy is the spéed of longitudinal waves in an
extensive thin plate,

¢ is the fluid density/elastic medium density,
and W is the free stream speed.

He predicted. that ¢ must be bigger than u

J‘J

a8 a second criterion for the elimination o. Hhoe flex

ural
mode., Then the minimum speed of propagation of the

flexural mode has to be cp where,

1 4 1

3 3 2\% z
(2] = o (ZS)F () 3
Us o ug Uy l2 + o

this is of course approximate, as a simple criterion



however, +this value of CP (which is also inversely
proportional to the largest wave length of amplified
disturbances) may yet have some relevance to the
extent of amplirication,

Clearly, to make cp large, we muzt talke
(Gsci/cug) as close o 1ts permissable upper bound
(oi 2000) as possible, and malke ub/o4 as small as
possible, and-not merely Just less than unity.

However, these two criteria are not of course
applicable to the present investigation. An analogy
can nerhaps ve made for channel flow by forming similax
non-A&imensional groups relaving the elastic properties
of the material to some variables describing the flow,
These two criteria analogous to thosge of Nonwellerw

would when be

1.3
— . < N, for the eliminotion of the
~2-pV2]’{l

Tollmien-Schlichting waves

1Gt2 j;> N2 for the elimination of <the
*Q'DV T

flexural waves

where G 1s the modulus of rigidity of the elactic
: . . 2

material in 1b/f+.

t is the thickness of the materizl in 5.



— | ) e

lb.sec.2
£t.

p ig the fluid density in

v is the mean velocity of flow in ft/scc.

)

m is the hydraulic mean depth in £4., and

Nl’ N, are constants, the valuesg of which are not yet

determined,

2

However, 3Section 2 in this thesis is concerned
with the choilce of the elastic maverial of the bed, and
contains a discussion concorning the effect of its
elagtic properties on the two criteria mentioned above,
as well as a study of their efiect on the vehaviour of
this material as a membranc (it will indecd be shovn
that the material of the bed we choosce does behave lilke
a membrane). The properties of +the material of the
bed, and the results of testing it under sension %o find
the modulug of elongation are also discussed in Section 2,
In Section 3, a description of wne channel and the methods
of measurements are iven, oi which there are twos: the
regults from the second method only are used since it
gave better accuracy., In Section 4, the methods of

calculating the free surfacc slope, coefficient of friction

Reynolds number Zor stceady channel flow are given,

o

LI

3]

The experimental results and obscrvation are Jiven in
section 5., In Seection 6, there is a brief note about

other tests conducted with the flexible bed Lensioned



to ensure that the whole width of +the channel was
wetted, A statistical analysis i1s given in Section 7
to find what the moast proboable values of Reynolds
number for laminar, trancsition and turbulent flows are
likely to be, and the conclusions will also be found

in this section.
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2, CHCICE, PROPERTIES, AND TESTING OF THE BED MATD-TAL

201 CHOICE OF BED NMATERIATL

|

- 3 - 2 » . J
Considering Nonweiler s criteria, for the

elimination of the Tollmien-Schlichting waves

63 c

400

. 2000
<2000 ie. 08
2 a2 2
cg © /o ug
® & & ¢ 5 v & & (201.10)

<o

g u

and for the elimination of the flexural waves

3 3 2, % 1 L
(b} ~s 0.42f7 C4>3,f’__g 30 43
Uy o u2 u 12 + ©

0 ol
Cn
if we put T say, equal «to unity and o = 1, 1i%
5 \

Tollows that

2 ' 2 .2

© ¢4 >12+0 i.e. G<_;L___e €4

C ug 0.42 © 30 o u26

cierenses (2.1.2,)
If we draw the graphgs of 6 = 2%99 and
o2 @2 -
X 4 .
0 = %+ where X = , these two gravhs will

3 G ug' ‘

intersect at x 2 250,

Therefore O , which indicates the

critical
maximum allowable thickness, where no waves of either .

kind exist will be approximately 8. (see fig. 1).



The two analogous criteria for channel Ilow

are given by

\
G 5 ‘q;‘;:I‘Tl i- .a,h l‘ . O £ .tﬂ f‘l , l . o
1 2 or Tne eliminacion o ne rzleXxursa waveg
2pv ’ & 9 & o B e e e O e (201-.30)
et N
and Ty N for the elimination of the
23 N2
0pv m
Tollmien~Schlichting waves. ceeeneeeees (2.1.40)
Arranging both criteria together, we have
N
B
5 < > Ctz |
I-ﬁ* '}’:_G—Eé_"'é' I N l Qouc-'oo-oon(gulosq)
2pv 1 2pv
- | ,
Now, - 1s unalocouh to 0 in Nonweller S
L ber . a2 _ Lo ; 0463
criteria and , 1s analogous Lo - ,
: %va;2 ' ué o
therefore ags before we can write
I
v 2 Z X
m < T T FC
1
N
F owe draw erashs of £ = —2 and £ = £ this wi
If we draw graphs of T X and = = Nl , this will

allow us to find the region where the flexural waves and
the Tollmien-Schlichting waves are present and where tuey
are absent (sece IMig. 1).

As an exemple, 1i we consider a value of v of

sbout 1 f£t./sec., and a value of 'm of about 0.06 ft.,



v |

22 . . IO
the value of %pv m~, will be approximasely 35 x 10 ib,

Let us consider some elastic materials of the same

thickness say 0,02", but oi different moauli of

L2
rigidity. The value of T~§%—§ , Will be about 3 for
SOV

soft rubber sheeting having a moaulus of rigiaity of
about 30p.s.i., on the other hand dealin; with "Melinex"

hy

which have a modulus of rigidity of about 2 x 105 PeSela,

tihe value of T~§g~§ , will be about 23 x 103.
=0VvTm

2

If there is any velevance of FNonweiler s

criteria for the stability of the boundary layer in

contact with a flexible skin, to those criteria for the

atability of flow in omnen channels, then we would guess &
A ? o

/r"o‘ . . o
value of 2§ i.e., about 83 times G considercd if the

250

R
5 23 x 107
about 00 times G 1L "Nelinex" is used. Referring To

soft rubver is used, and a value of i.e.,

(Pig., 1) it may be clear that by increasing ¢, the

corresponding value of will decrease, and will

]

Holﬂm

perhaps place the mate in the region where the

9

flexural wiaves exist. On the otvhicr hand, decreasing
c

G will increase Ei , Wnich will place the nmatverizl where
)

the Tollmien-Schlichting waves exiestv, Clearly there ic

no material with a moduwlus of rigidity less thon that of

soft rubber, so that such a2 reduction in G has pracitical

limits, It hlll alcso be intveresving to Lind the condition



nat the material used fovw thevbed should behave 1lilc
a membrane wnen cubjected o hydro-gsbavic precoure,
for this condition to 5@ tulfillea, the bending moment
due to the weigshht of water on the bed must be much less

1.3

than the horigontal component of the teunsion in the .
material times the dlstance where the moments are btaken.
Iow, by taking moments about O (See Fig. 2),it follows
that

Th. L+ I = x
and the criteria will be szatisfied, if

m <L ciereeeeas (202.60)
vhere M 1s the bending moment

= BIK = oGIK P G- I

-
aisy

t_.)l
[ an

3 . - A o
L, G are the Young s modulus and modulus of

q e
- respectivel I is the sectional moment of inecrtia of
2

=

the skin = T5 Per unit span,

¢ 1s IFoisson ratio,

X iz the curvature 22 %,
where 0 is the incliration ou the vangent nlane vo the
rubover to the horizontal,

w is the wested pnerimeter

Th igs the horizontael component of the tennion .
= TV coto, where TV iz the vertical componentv of the

tellSiOl’l = pgA' L N BN I I B ) (2.]-580->




—1 D

p iz the density of water

and A 1o the cross gectional area of {Llow,

¢ - . .
Therefore 1f we substitute (2.1.7.), (2.2.8.) in (2.,1.6.),

it Tfollows that GtB must be very small compared Wit

pgAwL il.e.,

Gt3 <§; pahwl ceerenvees (2.1.9.)
In the table velow, we give a comparison
betwe.n aisferent materials to 1ind the suitable thickness
which satisfies the criteria (2.1.9.), ascsuning that
GtB must be leass than or equal to 0,001, say, btimes
pehwl, e will congider a value of pgh o , say,
2 1b/ft., a value of the wetted perimeter of, say, 0.5 ft,,
and g value of L aboutb O.3 £t.,, the product pgAwl, +will
be then 0.3 1b/ft., and Gt3 muset be abvout 3 x 10“4 1b/Tt.,

or less.

VATERIAL o 5 o +
Welinex 5 x 10° 0.38 2 x 10° 0.002 or less
Alumlnium 10 x 10° 0.38 38 x 10° 0.001 r less
foil
yof't .
Ribber 102 0.33 33 0.05 or less
STrong 12 x 10% 0.33 4 x 107 c.o1 or less

Rubbver



—]. 3= 5

rd
where B is Young ¢ Ifodulus (p.s.l.)

c = % is Poisgon Ratio
¢ is Kodulus of Rigidity (p.s.i.)
(inches) is thickness of the material which

satisfies bthe criterion of the behaviour like a nembrane,

The materials comparea are "Melinex" polyester
£ilm (which is +the I.C.I., trade name for polyester Lilm
madce from polyethyline <terohthalate, the same raw mavcrial
as used for the mamufeciure of "Terylene" {ivres),
aluniniuvm foil, soft and strong vulcanized rubber. Any
of these materials with thelr values for the moauius of
rigidity and their values for the thlckuess as meniioned
above in the table will satisfy the criterion (2.1.9.)
for the behaviour of the material like a membranec.

Now any of theoe materials wnich will satvisty
21s0 the two criteria for the elimination of Tollmien-
Schlichting waves and the flexural weves can be chosen

for wne present investigation. Vivh "llelinex" the value
otl 2
Loven?

of tﬁat of the critical value of (250), with Aluminium

of will be about 230 which is about 92 per cent
Toils this value is 1080 which is about 430 per cent of
the critical value, vwith zoft rubbers, the value is 23.6
rublers the

which is about 9.4 per cent, and with strong

o
<

value is 1140, which is abvout 456 per cent of that or the



e |, o

ol

critical value. It seemg thnorciore that viae aluniniuwm

folil and the gtrong rublLer will not be considered at all,

since they do not satisfly the criteria for wshe climination

of the Tollmien-3chlichting waves and the llexural waves.

It seems also that "Melinex" is the most cultable

material and the soft rubber comes after it in preference.
When we thought about choogsing the nmateriel, it

seemed doubtful whether there was any liwely relevance

: . - . . - . .
between Nonweller s criterion for stabilizing the boundary

layer, and thosc criteria Lfor svabilizing the flow in
open channels.

lierely because it was easily available, a sheet
of soft vulcanized rubber, 0.023" thick was used for our

h

investigation, and now that the experiments are complcte

.

prears that such material is to be placed on tac

<t
o

i.

borders of the region where the Iflexural waves exicst,
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22 PROPERTILS O THE SLASWIC ITIATNRIAT

The matverial used for the channel bed was a
thin sheeting of soft vulcanized rubber (rublber suread
505 count 6011 guality). This rubber was supplied by
Dunlop Rubber Company.

Wiith soft rublers elongation of about 1000 per
cent £6) (greater than those possible with ordinary =olids
by a factor of 105) are obtainable with relavively small

deviations {rom complete reversibility. The stress—-svrain

N

ot

curves have an unusual S — form, the Young:s modulus at
first decreasing with increasing strain until it is of
the order of about one third its value for small strains,
and thereafter inoreasing‘more and more rapidly. The
modulus of rigidity (G)(7), iz equal to % . (This simple
relation between the shear modulus and Young’s‘modulus
holds only if the polymer remains &t a constant volume
during the deformation, i,e., can be considered as

-

"incompressible"., This will Dbe true for all soft polymers),



LD

203 TESTING OF THE RUBBZER

|

A piece of soft vulcanized rubber of

length = 20" breadth = 1" and thicknegss = 0,023%,
was tested under tension by clamping it vetween vwo pairs
of aluminium angles as ghown in (Fig. 3). VWeighbts were
suspended from the lower pair of angles. A vertical
scale was used for measuring the extension in the rubduver
corresponding to each load. The stresses were calculated
for each loading based on the original cross sectional
area ol the tested piece. The gitrains were also calculated
for each logding. The resgulis obtained are tavulated in
Table 1, and the relavion bebtween stress and stroin is
represented in Fig. 4.a, from vhich it is found that for

very small percentages of elongation she stress ls nearly

S

B

proportional to strain or in otncer words the relation

fa

force and the extension obeys

between the stretching
Hook s law,

The experimental stress/strain curve mey be
compared with the manufacturer s (Dunlop Rubler Company)
curve (Fig. 4b), and it is found that tney are both nearly

identical for a rangzge up o 70 per cent elongation,

It is now importent o discover in vhich rang

e

of the stress/strain curve the mubber extends under the



-17-
pressure ol water. Thic is Jound i
in the rmaterial due bo the edge Ttensglion pexr unit length
in the rubbezr,

The vertical component orf the edge tenclon per

unit length can be inferred as

&Q . .
Vv o= %%E , if the channel sglope ig small
v

.

where v is the mean veloclty flovw and TV ie the vertical
-component of edge tension, DThe resultant tencion in the

material is
Ty
T= o3 - (vihere © is the inclination of
wJ

the tangent plane to the rubber bed to the horizontal),

Therefore

If pgh is given the value 2 1b/ft., soy and ©

6]
o

is 45°, say,
then

T = 2,88 1b/ft.

Congidering the stress in the rubber at one
slde only, the strezs per unit length is eqgual o

88 x 12
x 0,023

= 5 750 1b/£b.2
2 [5

where A 1is the area of the cross section of

the rubver

N B e .o B Ey e .
by caloiwrlasing .o ourons
et



v | () oee

Therefore stress = 5,21 p.a.l.

This value of the clress corresponds to 5.21 pex
cent elongation and the value of Young's modulus will be

approximately 100 p.s.i., which corresponds to a value

of the modulus of rigidity (¢) of 33.3 p.s.i.



A

3. DESCRIPTION O THE APPARATUS AND INTETHCD, O TTRALU T TTIHDS

3.1 THE APPARATUS

P

The apparatus consists of a- pump unit, 20 foot
flow channel with glass bed and sides, collecting tank

6 £t x 3 ft x 1 £t 6 in,, and a base tank 18 £t x 3 £t x

1 £t 9 in,, all connected in a closed circuit. The

collecting tenk is fixed on a weighing machine (reading up
to 2500 1b.) at the down-sitream end of +the channcel.

The channel is mounted on a trus:s supported at
two points, one being a fixed point and the other a jack.

After rémoving the glase sides of the channcl whe
rubber bed was clamped on to the two parallel angles
suppor%ing the channel, The rubber bed acted ag a thin
elastic surface exposed to fluid above, and unsupported
below, and so the fluid was supporvted by the tension in the
rubber bed (Fig. 5).

The slope oi the channel was altered as reguired
by mecans of the Jack., Al the upstrean end a foimed gpillvay
rested on the original bed of the channel, and the rubuer
bed was candwiched between the spillway and the nodelling
clay which covered tihe spillway; The clay was painted with
a waterproof paint co as to pravent the direct contact of

water with the clay. This was done 0 enable snmoovh entry



—~ 20—~ s

of +the #low to the rubber bed and to minimize the entry

losses (Mg, 6.

3.2 METHODS OF MEBASURTIIINTS

Two methods O0f measurements were used to obtain
the variables describing the flow, each method will be

described individually below.

3.2.1 FIRST METHOD OF MEASUSITENT
(a) The discharge Q wazg measured by collecting a

certain quaniity of water (1000 1lbs.) in the collecting tank,

the time "+4" $aken for collecting this amount was measured
: . . oy 1
by means of an electric stop timer measuring to within T0

of a second,
(b) The width of the free surface was measured by
exposing the water surface to a lighting source, ©o0 as to
make the two end lines of the free surface clcarly obscrvable
by looking underneath the rublber bed (Fig, 7}.

A micrometer height gauge “hizh measures vertical
ordinates to 0,001 of an inch (Fig. 8) was desizned for the
purpose Oor measuring tshe water profile. The micrometer

J21

vile

slides on a 12 inch gcale Ifixed at the section where

measurements have to be taken, DBy means of +the index nerk
on the base of the micrometer the two end points (a,c) of

-
-~

vhe Ifree suriace were projected on the 12" scale. By

\
reading the distances corresponding %o (a,c) on the scale
and subtracting (a) from (c), the width (b = ¢ - a) was

obtained.



(c) In the first set of experiments, the vertical.
ordinates of +the profile were measured by b:ie micrometer

at equal distances apart of one inch., The first and last

ordinates were measured outside the free surface of the rTubLe

just for the sake of Completingdthe profile,
The two ordinates at the end points (a,c) were
not recorded but were obtained by graphical interpolation,
All the ordinates read were plotted full scale,
and a planimeter was used for meacsurin. the areas of flow
at the different sections (Fig. 9).
(a) The depth of flow "h" was measured from the
drawing at section 6" which was close to the point of
maximum depih. An ordinéry scale divided to %O of an inch
was used 'or this measurement,
(e) In the Ffirst set of experiments, the wetied

Fal

perimeter "W" was measured by means of a map measurer.

(£) . The slope of the glasgg bed "8, was measured by
closing the down-stream end by a gate, pumping a guantity
of water to the chammel and leaving it for a few minutes
until the surface of the water setvled. Thereafter two
neasurcments of the depth of water at dilfferent points were
taken by means of a pointer with a vernier carried on a
travelling carriage and moving on the two rails mounted on

the angles supporting the channel,

Errors arose from the graphical contruction .f the

el
=28
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profiles and the measurenents node Prom them. By whe
method first described, these would be present in t:e aresz,
tite depth of flow and she wetted perimeter,

The method of measuring the 3lope was not practical
becauge replacing and removing the glass sides proved oo
laborious.

‘None of the results based on this method of
measurement are given in the thesis., The following method

oi measurement proved to bemore acccptable,.

3.2.2 SECOND MeTHOD OF NMBASURZNENT

A

The discharge and the width of the free surface
were measured by the method described in (3.2.1.).

The following measurements were, however, takcen
in a different way.
(a) In subsequent sefs of experiments, the ordinates,
including those at the end points were measured at a
specially selected set of poinvts, to suit a numerical
quadrature Sormulae. The numerical quadrature formula used
was one described by Profesgor T.R.F. Nonweciler, sece
(appendix I) as

c o - .
5a f(x) ax = (¢ - a)io.02381 i_ (x1) + I"(x’?)._% + 0.13841
[r(x2) + 2(x6)]

A
- wo K

+ 0,21586 {f(xS) + f(x5{é + 0.,24384 ’f(x4)Jf;;. (3;2,2.1)

i



el ol Lol
vhere

Xop = &t 0.08489(c -~ a)
Xy = a+ 0.26557(c - 2a)
+ 0.5{c - a)

0.73442(c - a
Xg = a 0.91511(c -

o

a0
i il
O @

1)

X =2k (¢ —a) =¢C

Lvidently (a,c¢) in ‘he present context are the
end points of the free surface,

f(xl) = 7 - Yy f(xg} = ; = T eeeens

wnere

y = 5

and 19 Yo eee.. are the measured ordinates.

This method reduced the errors inherent in +the
graphical method, and simplified the evaluation of tue arcas.
(b) The depth of flow (n) a2t the lowest point of the
rubber bed is

(v - vy) = 2(xy)

A1l the values of f(xl), {x5), ..., are tebulated
in (Table 2), and the velues of A, b and h are tabulaeted
in (Table 3).

(;) . The wetted perimeter (w) was calculated as will be
h

shown in the next section from the velues of = and A/ba.



(a) The slope of the glass bed "S", was measured in
degrees and minutes by a clinometer at each section of the
channel., It wasg found that the slope differed from one
section to the other, which meansg that the glass bed was nowu
quite plane.

The second method of measurement was applied to
experiménts (7 — 15). To obtain results for the carlier
experiments (1 - 6) of comparable accuracy, a numerical
technique of curve fitting was applied to calcuiate The
area, the depth of flow and the wetted perimeter. This
method of interpolation will be explained in section (3.4),
and supercedes the graphical method described in section

(3.2.1).



3.3 SHAFPE OF RUBBER DEAMCIRINED BY WATDR PRISSUIRL

To find the shape of the rubber bed deformed by
water prescure, it was treated as a membrane subjected to
nydro-gtatic pressure distribuﬁion. It was found thet the
equation of the surface can be described in terms of elliptic
functions (sce appendix II).

The wetted perimeter~is

W:::-ll Ii(l{.) oooeo::-oo-.--conoouubue (303.10)

-
j FaY
where h is the maximum depth, k 1s a "shape parametcr” and
(k) is a complete elliptic intesral of first kind. ;

The width of +the free surface is
._.h ™ HE e
b-—m"‘ 2.111(-{;) "“'-L\-<l’;:) @ e e 00 e 0 e LoD N9 P (3-3020)
k

vhere B = 2(k) is a complete clliptic integral of second
rind.,
The cross sectional area of tihc prolile is

]
b
k
and the depth/width ratio is

2
A: l"“i{) LRI S A S RSN B S A R B N S I (303&30)

h/o = ——f e (33040
(2E - k)

Minally 60 is the value of 6 at the free zuriace
i.e. (the inclination of the tangent plane to the rubber

bed at the free suriace to the horizontal), then the chape

¢
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parameter may be interprcted as
. 6o
l‘CZSln YT EEE R EEEEEEE T (303n5-)

Values of (21), (¥), (23 - X) are obtained from

(8)

the tables of elliptic integrals, and are tabulated in

(Table 4), for different values of ©o., Table (4) also gives

. : . . . h
the values of h/b, A/‘o2 and w/b. The variation of T versus
A . W . h .
= and of = and secd versus = are all chown grawvnically
_b2’ b b [ A

in Figure (10).

The experimental values of % versus %P are
represented on thne same figure. It is seen that most of
the points lie very close to the theoretical curve. This
means that the accuracy of measuremcent is guite acceptable,
and that the theorevical model assumed is adequate.

The values of % are obtained from the theoretical
curve of % versus %, from which w (the weltted perimeter) is
found. The values oi h/b, A/b2 aﬁa w/o are tobulated in
(Table 5).

I+t is worthwhile mentioning that A, h and w are
the measured values of <ie cros:o sectional area, depth and
wetted perimeter respectively oif the volume of wat
sheet uO cether, It is therefore necessary to coriect tne
recults to taxe account of the thickneczss of the rubver bed,

e make +his disbinction by giving the mezcured

values of A, h and w, the vutgcrint "m", vallst thoe corrected

values are given subscript "CM,

er and rabber



It 18 then found that

l’lc == hn’l -k ‘E(SGC@O — 1) and R EEER) (30.50(-)0)

A, = A, + bt secdo - w b coesene (3.3.7.)

where + is the thiclkness of the rubber bed which was eqgual
to 0.023", and b is the width of the frece surface (see

appendix IIIL).
\v,
- c . . )
The values of T ere obltained as explained
‘ h h
c m
before, but using the values of +— instecad of —, The
3 [ 8] b

1.1

difference belbwecen thne corrected values and the measurcd

velues is very small, as will be seen by comparing the

h A
c c . . . :
values of %= , —5 and secdo tabulated in (Pable 6) with

b
those in (Table 5). Thesc values are represented on the

h

curve of the theoretical variation of B e versus 00

ol

(see Figure 10).
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3.4 TETHOD OF INTIRPOLATION

As we have seen in the previous section, the
ordinates composing thne profile of rubber for experiments
(L - 6), were measured at abscissae different than those of
other experiments (7 - 15). The two ordinates at +the end
points of the free surface were not measurea. The point
to be made is that the comparison of experimental with the
theoretical model showed that the latter was a satisfactory
way of deriving values of h/b and w/b from A/%z. A
nunerical formula was then derived to interpolate the values
of h/b and A/%z. Thesce were found to be consistent once
again with the theory (sce appendix IV).

The corrected values of ho/% and Ao/b2 were

calculated asg explained before.



4, PREL SURPACE SLOPE, CCIFPICLERT OIF MRICTICN ATD

REYNOLDS NUMBIR FOR 3TEADY CHANKIL I'LOW

4,1 PREL SURTACE SLOPE

Any point on the free surface could be located
with respect o a horizontal datum by adding the distance
(z)lfrom the horigzontal datum to the rubber bed to the
depth of water (h) at the point comsidered. The height of

the free surface point above the horizontal datum iz then
}I=11+Z ® & % & & 2 b 0 % e 9 b e b s s e Ve (4.1.1')

Values of h, z and H are tabulated in (Table 7).

-

The slope oi the free surface (i) is theoretically

dH/dz, but the data were not sulfficiently accurate to allow
simple difierencing of the measured value; of H to obvain
this derivative., Instead she least séuare method wos used
to fit a sgtraignt line to the experimental data for H
vertus x (sce appendix V) and the slope of the regres qion
line was taken as (dH/dz). This method also permitted
asseosment of the error of dd/dz so calculated.

It is worthwhile mentioning here that the authors
of all iefercnces for channel flow treat the veloclty over
the gsection as a constant. It follows Lrom that asszumuition
that the energy ElZ.dissipated in unit vime in the region

between the sections 1 and 2 is equal to



handi A Vs

- ﬁ\ - 5‘ :
12 _ % AW 1 . LouTy oy
= _ § u(zl + hqy + Z@-)a.nk - u(22 + b, 2@)@&
1 2

- )
i‘ ul g W -
_— Q(Zl + hl bt Z2 - h2) + jg Mé"é: CLA- —'gg Zg d-A- « s 8 O (4‘.10 Zu)

Supposing now that the velocity is unifiorm at
each of these sections, i.e. 1 = vy ot section 1 while

u = v, at section 2. Then (4.1.2.) becomes

Bqyp 0 N v ° - vyt
gpa C Lt My T Fp T i 75

Let (i) be the yradient of the total head, and
let "e" be the energy dissipated in unit length of channel

in unit time. Then eguation (4.1.2.) is equivalent to

i L I I T K I EE DL DAY D IR DA REE DAY TN 2NE DN RN RN T BN BN JEE REE SN NN NN NN W) (l[}.lQBO)

Y

e = &0

Now when vthe velocity is congtant across the

ot}

section e ig equal to v nmultiplied by the resisvence o0

unit length ol channel, i.e.

e = V Tm W R (20 IO
From (4.1.3.) and (4.1.4.)

Tm:g{)mi ® o & 0 & 0 6 % 5 O 0 4T S T O YV S OO R OO (493—05.)
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It is to be understood however, that it is a
crude anrproximation to treat the velocity as constant over
-,

the section. This was the resson that the slope of the

total head line was treatea here by neglecting the change

2
in kinetic energy =—— as described by equation (4.1.1.).
The velocity of flow varies ot different points of the

crosg section of the channel, The {rictional resistance
of the sides causes the water to slow down towards the
gldes of the channel, and the Irictional resictance between

the water suriace and the atmosphere cazuses a =light

recuetion of velocity at the free suriace,.
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4,2 COEIPICIENT O MRICTION AID RLYNOLDS WUITLIR

Let us consider an element ol fluid containec

}]

x\f’
—

gl
( }
between a pair of normal planes at unit distance apart.
As the regime is uniform and stéady, every Iflulid particlc
is unaccelerated and the forces on the element must

3 .
therefore be in eguilibrium. 3ince the atmogpheric
pressure ot the free curiace i1z ascsumed to be consvant, it
follows that the presoures ot corresponding points of any
two normal scctlons are the fame, S0 the pressures on tbhe
element are themselves in equilibrium, Consecucntly
component of the weilght of the element in the dirccition
of flow must balance tho frictional force on the element
at the bed of the channel. Let © be the frictional stress

at the bed in the direction of +the generators (the dircction

of mean flow) and let (dw) be an clement of the wetied
perimeter, Then the total frictional resistance per unit

length is

TdW=W Tm, Say DI I I I T S R NI S R S (L,%'.\—-. )

where w i1s the total wetted perimeter and wm 1s the mean
frictional stress. The weight of the element is pgh, whewre
A is the cross scectional area of the channel up to the Iirec
gurface (the area of the wetted cross section), and the
component of the weight in the direction of +the Llovw is

(i pgh),



Consequently +the condition of equilibrium is

wTtTm = 1 pgh
’Umzlpgﬂ’l @ 6 9 800G ® 8 8 e Os e Rse0 o0 e e (4‘02;\2&}
vhere m = % ig the hydraulic mean depth

By definition the skin friction coefiicient ig

T
Cf: . T EREEEEEEEEEE R Y I N (4’0293»)
L 2
i
where v is the mean velocity oif flow
It follows that
- 2iem :
Cf: _{z;r_q ® b & % 5 8 0 & B B ® 0L 8 S e e L e 6O (402‘40)
2
v
The Reynolds number will be defined here as
VI
R‘-": T out;eoooooooo.uooﬁoooo'o (4‘9205‘0)

where v is the kinematic viscogsity of tne fluid-
1A
R.Cf:‘ —2'_'_‘:-’"_—' 6 % T 8O 600D ALt eSS ESEEOV SO (4'-2060)
Qvw
We shall next calculate the thooretical values
of (R.cf) for laminar and turbulent flows in an open

channcl.
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LAMINAR PLOV

By the usual assumptions, the equations of

motion arce talken as

2
Y u

(10)
gi on. (4.2.2.1.)
= -—.—;')—- "é*gc" —_ o) LR I S S Y . LR ) o.

where i dis the slope of the free surface and wu = 0 at the

boundaries of
The

(appendix VI)

for

For

ror
4,2,2

The

the flow in a

cf

the pipe.
theoretical valueg of R.cf are derived 1in

and are Tound to be
35
9

a rectangular shape, R.cf = 6

\J1

a parabolic shape, R.ef =

a triangular shape, R.cf = 3

LTURBULENT FLOV

L]

Blasius equation for fthe skin friction of

smooth pipe of circular cross scction is

_tm o _ 0.0791
Eov© /DY -

cesreisaees (4.2.2.10)
vt A |

where D is the diameter of the pipe (equal +to 4n).

cf

0,0791, _ (C,056 L
{Iazgui/4 = (R§r7z tesasesase (,.2.2.2.)

v



By multiplying cf in equation (4.2.2.2.) by Reynolds

nunber therefore we find the value of

R.cf =<—E—é->

which ig the theoretical value of R,cf for turbulent flow

EN

0.,..0‘.000-..000.' (4"32.2‘30)

in open channels.

A1l the formulae for resistance in periectly cmooth
pipes are empilirical, The Blagius formula wes chosen because
of its simplicivty.

The experimentel values ol R vewsus ci are
reprenonted on a graph coniaining Lo theoreticoi v~lues

of lanminar ond turbuleant flows in open channels shown in

(Pig, 13).



e

5, OBSTRVATIONS AND WasULTS

5.1 BSERVATIONS

Three complications alffected the experimental
results.
(a) Hydraulic jump.
(v) Uneveness of the glass bed.
(c) Uneveness of the rubber bed.

Each of them will be considered separately.
(a) HYDIAULIC JUMP

Lt was oObgerved for both groups of experiments
(1 -~ 6) and (7 -~ 15) that when the water first was allowed
to flow down the channel a hydraulic jump was formed
approximately halfl way down the channel. Subsequently

within about a minute, the jump seemed to move upstream

Eh

o
]
(-

for a distance of approximately one foot, Only a few sma
ripples on the frec surface of vater were observed at
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