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- B Abstract .

é?ThE theory of .three dimensional turbulent wall jets

; withaﬁ-iﬁfinite éubmergen:e s presented. followed by a .
bﬁ%ef discussi@ﬁ'@ﬁ how the theory can be adapted to the -
S{EQatiaﬂ of a finite tailwater. The tailwater conditior-
were erxperimentally found to consistsof fhree states.
)FirstTy,shaTIQu tai lwater in whiéh the theory is inval
Secaﬁdlyimﬂéeraté tailwater in which t%é theory is va'

- a reiatjveiy short streamwise distance. Finally,deep
) F

tailwater state in whi;? the theoty remains valid. Ir .

s;reamgise direct{éﬁithe three dimensional turbulent ..
jet with a finite tailwater was found to consist of:-t- ==
ﬁegiaﬁs;Firstly the pgte?tiai core regian.se:aﬁéiy the
radial type decay }égiéﬂ and thirdly an approximately
u;ﬁsfcrm" ﬁlgy regiaﬁ,with a traﬂsitiah zaﬁerbetmgép'tgg;w
sécond and thira’reg%ans. \ -
An experimental investigation utilising a flow
'visualisation technique provided égidéﬁéﬁethatiEXEEﬁt for
very low taiiwatEESithe expansion of the jet was linear and
dependent on the Fai]water d2p£h. The change of jet '
expansion with the change in tailwater depth was found to be
described by a unique curve. Frdm exper imental measgrements!
it was found that both the vertical and transverse velocity
profiles were similar. The decay of maximum centreline
évelséity was shown to be less for shaliower tailwaters than
for deep tailwaters and using the caﬁgezt of the virtual

origin, the decay of maximum velocity has been presented in a

iv



.

convenient form. The change in the length of the.pofential

core and the surface velocity were found to be dependent on

the tailQater depth. The length scales for the velocity

profiles were Studied and curves for their prediction have ,
bee; developed. 4 preliminary investigation of the bed shear ‘
stress has shown that the centreltne shear stress decay is |,

r as the tailwater beCOmes shallower and that the

-
tran3verse shear stress profiles are similar. -Finally the
scour hole produced by the bluff/yall jet erdding a sand bed

was found to be swmtlar and that the presence of a scour

hole serlously affected the jet expansion. '
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I. INTRODUCTION
A. Turbulent Jets

when a jet of water Eﬁi .5 a large body of water or a
jet of air enters into a large expanse of air ,surfaces of
discontinuity or separation appear .The separation surfaces
are very unstable and result in the formation of eddies that
move in a random fashion.both along and across the jet.This
motion causes a transfer of momentum between adjoining i
layers and restlts in a finite régi:h that has a gaﬁtiﬁuaus
vé]@ﬁityidiétributiéﬁ and is Known as a shear layer.For
largé Reynolds numbers.,as is the case in most practical
situations.this shear layer is turbulent.The turbulent
-mixing gradually exteng; into both the jet and the
Sﬁ;rﬂuﬁéfng fluid causing on one hand,after a short
distance.a fully turbulent jet and on the theri an
expansion GF the jet. |

If a Jet diffuses into the 3ﬁb1ent F1u1d unaffected by
any solid boundary, the jet is Rncuﬁ as a free getiCamm@ﬁly
investigated free jets are the plane jet and the
axi$ymﬁetﬁig jet. A plane jet is one issuing from a nozzle
that is (the@retica?iy) infinitely long,while an axisymmetric
jet is one issuing from a circular nozzle.

- The uall,jet is defined as a jet of .fluid issuing
Vtaﬁgéﬁtially to a boundary sur rounded by stationary (or

moving) fluid(Rajaratnam ,1965).The classical wall jet is a
'



plane turhulent wall jet issuing into the same stat1anary
Flu1d of sem1-1ﬁf1n1te extEHt on a smooth boundary and h
been fairly extensively researchedTRajaFatﬁam,1975»i
The third type of turbulgnt Jet . either free or wé11, is
the three dimensional Jet .24 Jet 1ssuing from a nozzle that
is ﬁeifher axisymmetric nor rectangular(with a large aspect
ratio.that is the ratio of the width of the slgt to the
he1ghtb1s Known as a three dimensional jet.Three dimensional
jets zaﬂ be free or wall jets but the only type to be
considered here in detail is the wall jét. _
Three dimensiona! wall jets can be either slender or
bluff wall jets.If a jet with a Faif1y large aspect ratio
issues tangentially onto a smooth giate,the Jet is found to
consist of three distinct regions. Near the nozzle there is
~2 region called the potential core.in which the max imum
velocity along the central plane . normal to the bed. remains
constant and équa] to the initial velocity.However as the
shear layer on the upper side and the boundary layer on the
bed grow ,the Dﬂteﬁtla] core is reduced until it disappears
completely .From this point on downstream the ma#imum
velocity decays. Initially the velocity decay is affected by
the characteristics of the nozzle and was termed by Viets
and Sforza(1966) the characteristic decay region.After a
certain distance downstream of the nozzle the shear layers
“from: the 'sides meet and the velocity decay becames |
independent of the nozzle ;haracteristics .ihis region is

referred to as ‘the radial-type decay because the velocity



decays approximately with 1/x,where x.is the axial distance
from the outlet which is similar to the radial wall -
jet(Glauert, 19561 .4 wall jet with these three praaaun:ed
regions is called a slender jét,‘
For a nozzle with an aspe:tfratia which is close to
‘unity .it has been found:Sforza and Herbst., 1970:Newman et
al.,1972: Pani, 1972)that the velocity decay passes from the
potential core straight into the radial type decay

region.This type of “jet is classified as a biuff wall jet.
B. Practical Considerations

It is a common engineering problem to have a situation
where a turbulent jet enters an ambient fluid of limited
depth. Such sifuatiaqs occur when a giéé.cu1vert or ceﬁtfc1
gate structure discharges into a shallow pond. lake or !
reservoir, especially in the littoral regiaﬁs,Thé prairie
lake is a notable case where the depth remains very shallow
for most,if not all,of the lake.The Athabasca-Peace Delta
region in northern Alberta .is a Qriﬁe example,where the |
depth is approximately two metres for the whole delta
regieﬁiextEﬁdihg over an area of over 2,500km?
(Kellerhals, 1971) .

In these situations the outiet will normally discharge
on or very close to,and tangentially é]éﬁg.the bed of the
lake. This problem can possibly be modelled as a turbulent

- wall jet with a finite tailwater,for the outlets descr ibed



above the aspect ratio will be small and therefare!ab)uff
wall jet..n some cases .such as a gorge,a river eniEFing;a
reservoir or lake may also be classified as a bluff wall !
Jet.although in most cases the aspect ratio will probably

iﬁut a river into the slender jet range.

C. Existing Work

Although not many investigations of three dimensional
wall jets have been undertakeﬁ, the studies that have been
carried out are qguite aampréhen§1ve Viets and
Sforzai 1966)and Sforza and Herbst(1970)carried out
experimental investigations of both slender and bluff wall
jets Pan1(1972‘ carried out both a theoretical pred1ct1§ﬂ
and experimental work on bluff wall jets.Pani(1972) also did
some work on circular wall jets with swirl.Newman et
al.i1972) conducted 2 series of experimepts with a circular
nozzle resting on top of a smooth wall ' while Chandrasekharaj
Swamy and Eanﬂyapadhyay (1875) researched a circular air jet
passing over a plate placed a]g%g‘the centraltaxis but a
short distance fPom the nozzle .Summaries of the state of
Knowledge on bluff wall jets are given by Rajaratnam(1976)
in his beﬁR“TurbuIEﬁ; Jets” and by Launder and Rodi(1981).

Some work concerning erosion due to turbulent wall jets
has bEEﬁ recently carrved aut.Rajaratnam and Berry«1977l
studied the ergs1cn due to a circular turbulent wall jet for

the case when the tailwater was much deeper and the channel



\ _
£uch wider théﬁ the jet.Rajaratnam and Diebéll1981) eitended
this work to the case of very ‘low tailwater and varxat1on of
channel width, wh11e ‘Rajaratnam(1981) and Rajaratnam and
Macdougall(1381) have investigated erosion caused by a plane
turbulent water wall jet with both deepvtailwater and -
tailwater of the same depth as the jet thicknessf

The only published work on a turbulent jet with 1imit¢d
tailwater depth appears to be a study by Rajaratnam and}
Subramanya11968)inv€§(igating hydraulic jumps below abrupt
symmetrical'expansions.zn that paper the downstream channel

was aof limited width.unlike the channel of the present

study. o ‘

-,

D. Outline of Proposed Work

Due to the lacK of knowledge on ’the study of three
d1mens1ona1 turbulent wall jets with finite tailwater
dépth,the.exper1ments.carr1ed out were of a very exploratory
nature.In order to keep the investigation simple and prevent
_confusion in the data due to differat jet conditions,the
exper iments were limifed to a study of bluff nozzles.Also,

as will be discussed later, the downstream distances
involved in the work ére,for jet flows,relatively short,only
to a distaﬁ%e of approximately thirty times the nozzle
height. |

The experimental work was divided into three sections.

Firstly a flow visualisation study -of the change on the



expansion of the jet duert@ the change of tailwater depth
was investigated, with tailwater to nozzle thickness ratios
between zero and approximately FGUPtEEﬁ(appFQaShfﬁg infiﬂité'
submergence conditioni. using five different aspect ratios.

Secondly a series of velocity measurements. both
vertical and transverse were taken,along with bed shear
stress measurements " The results were analysed with respect
to similarity of profiles. velocity and shear stress decay
and surface velocity,along with any related leﬁgth
scales.Tailwater to nozzle ihickhess ratios vaﬁ%ed from
approximately one tg;abaut five.Two aspect ratios were used,

Thirdly a smaller piece of work investigated the
erosion of a fine sand bed due to slow mcv1ng jets.The

centreline scour hote prgf1le was measured énd analysed for
:S1m1]arﬁty The tailwater to Qutlet depth rat1D\:_z§s)
approximately one and only one aspect ratio was used.

A short discussion on the theoretical analysis of a
three dimensional turbulent wall jet and the difficulties in
adapting it to the case of a finite tai?watef_is also
presented

The experimental investigations were carried out at the
T. Blench Hydraulics Labératary of fhe University of
Alberta, Edmonton,Canada duriﬁg the spring.summer and autumn

fo1981.



E. Concept of the “Uniform Flow Region”

As discussed earlier a bluff wall jet issuipg into a

" semi-infinite stationary body of the same fluid has two

iuwifurm vertical flow ts reaahed

distinct regiaﬁs.tha’p@tentialzégre region and the
radial-type decay region.However it was found.during the
course of the investigation .that this was not the caserfcr
the situation of a finite tailQater and in order to promote
a better gﬁderstaﬁdiﬁg of the problem, a qualitative
description of the jet will now be presented.

Once the jet has entered the shallow body of fluid it
is obvious that the jet will expand as discussed earlier.It
is also easy to envision that due to the limited tailwater
the jet will quickly fill the whole depth of taiiwatergﬂﬁcé
the potential core region has disappeared ithe‘maximum
velécity will begin to decay in the normal.radial decay
fashion. However, as soon as the jet fills the complete

depth the only stress decelerating the upper surface is the

" shear stress due to theitin this casetair-water

interfa;e,whieh is negligible compared to the flow
deceleration and that due to the bed (or wall) shear stress.
Therefgrgj'the maximum velocity is decayiﬁ§ faster than the
surface velc¢1ty and EVEHtually a region Df(apprax1ma@§iy)
In order to pass from the verti&ai velocity profile
f@uﬁé in the radial type flow region to an(approximately)

uniform vertical velocity profile a transition zone is



formed.

As the tailwater depth decreases. then the jet expands

more rapidly into the € depth and therefore the

P

"uniform”flow trans Zone encroaches upon the radial
type decay region |, thereby shortening the-pataﬂtial core
region.wWhen the tailwater ﬁeptﬁ to ﬁéEEIE height ratio -
approaches unity the jet seems f@ expéﬁd abrupt]y into the
whole depth and the radial type decay region no langer
exists.The jet appears tao pass from a ShDFtEﬁEd potential
core into the uniform flow transition region.

It is obvious that once in the the uniform flow region,
the normal methods of analysing the siﬁiiaéity of ve?gcity .
profiles will no f@ﬁg&r be correct because the maximum
velocity will occur at an infinite number of locations,even
towards the end of the transition zone the choosing of the
correct pcsifiaﬂ of the maximum ve1§ciy Q@u?d probably
become difficult and this is one aof the reasons why
measurements were restricted to a fairly short downstream
distance.

No attempt}was made to measure velocity préfiies when
the tailwater to n@:z]e ratio was less than uﬁ1ty and no
attempt will be made to predict the flow patterns, these are‘
areas which requ1re further detailed iﬁvestigatigﬁ.

Figures 1.1 and 1.2 give a schematic Fepresentat1en of
the ideas prcpased REFEFEﬂce shéuld also be made to the
veriical velocity profiles gbtaiﬁed from Runt and

Run7. (figure 4.7 -
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II. THEORETICAL DISCUSSION

A. Introduction

Presented within this chapter is an outline of the
theory of three dimensional well jets issuing into an
infinite half space of the same fluid. This is followed by a
dlScuss1cn on how the theory may be adapted for the
condition of a finite tailwater depth and how under certain
circum§tances thé assumptions made in the theory are
invalid. A]SG presented is a short discussion on the use of
dimensional analysis in this stuﬁy In this chapter, and the
study as a wheleﬂhe cartesian system of co-ordinates is
used. The x axis is along the bed and central plane of
symmetry of the jet, the y direction is normal to the bed
and the z axis is in the third orthogonal direction, as

shown in figure 2.
B. Equations of Motion

The Reymolds equations for steady flow in»the cartesian

Co-ordinates can be written asiSchlichting, 1968) ;

Y —_— 2 2 2
y ou Ju du 13p 3. u 3% 2 u]
u—+vf§,*weﬁ,ﬁ7=g—”+g + e + L .
Ix . 3y "3z o 3x [ 5 2 a? 322J
/
| SRS B
3 X Yy 32

10
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9 x % 9y axZ 3y 32°¢
A-[_a_u v +__§_'V' + _3_V'H'] (2.2)
3 X 3y 3z

Q
(3
Q
<
@
X

and 24 . — + == 0 : ’ : (2.4)

@
x
QL
<
@
~N

where x.,y and z axis are deffned in section &
u.v,wzthe turbulent mean velocity components<in the
X,y and Z directions respectively )
u',v' ,w' >the fluctuating component of the veicc1t1=s :
in x,y, and z directions respect1vely |
p=mean plezometrlc pressure at the point of
- consideration
p=mass density of the fluid and

vekinematic viscosity of the fluid -
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C. Deep submergence Theory

Presented in this section is a brief review of the ;
theory of three dimensional turbulent wall jets. The theory
is not dealt with in great detail and only the salient
points are noted: for é detailed discussion. the. reader.

should refer to Pani{183#) or Rajaratnam(1976/.
Simplified Equations of Motion

The following assumptions are made;
(i)'Beyond an initial reach from thelnﬁzi]e y<<{x and z{<{x
(ii)ln a major portion of the flow,u>>v and U>>w.
(iiiiThggflucguating velocity cgméanEﬂts are small ;ampared
to the mean values.
(iv)Graéiéhts in the y and i_aireﬁtiaﬁs are much larger than
in the corresponding gradients in the x direction.
(viThe piezometric pressure gradiéﬁts in all three
diFéEtiénS are small. 7
In estimating the order of magnitude of each term. the
order of magnitudes for the dimensional forms of equations
2.1 to 2.4 were assigned as
 u~l L x~1 ,y~a and z~A
where &4 is a quantity of order much less than unity.It .is
possible to carry Qu§ an order of magnitude analysis on the
.equations of motion. Deleting terms of smaller order then

the equatjions of motion are reduced to
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w24 4 du 3 Bzu-; 3% ] 3wVt 3 Uy
3x 5y "Wzt 27| |5y Y5z
éy 32 i .
(2.5)
U, 3v, dw, »
and 3¢ ¢t 5y Yaz = 0 - (2.6)

Similarity Analysis

If, when the ratio of the loca! veloctty to the local
ma x i mum velocity is plotted agéiﬁst the ratio of the
distance from the jet axis to some chaﬁacteristic length,
the velcc1ty profiles cgllapse éﬁt@ a single curve. the
velocity prcf11e5 are term&d 51m1lar . In a wall jet the .
distance in the y direction is measured from the wall (or
boundary:. The characteristic length has usLale been taken
as the distance to where the ve]ac‘: ty becomes half tha‘i

~the local maximum and a‘<0i and is Known as the “half
length" . , ' ,

Glauert (1956} has shown thearet?Eai?y that complete
51mﬁlar1ty of velocity profiles is net p@551b1e due to a
thin layer existing near the wail where viscosity is
impor tant . However the exper ience of many investigators has
‘shown that a single vel@c1t scale aﬂd a single length scale

correlates the data well. Therefore while it is not

theoretically feasible, it is possible to have experimental
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similarity. It should be noted that similar profiles are
independent of the x co-ofdinate.

Assuming that from similarity

un . o (2.?)
== f. () .
e

where  um= turbuteént mean.velocity in the x direétion at a
distance y from the bed in. the 2=O plane -
Umo=the local maximim velocity
by =the half length in the y direction °
f, =a functional relation

and that in the x-z plane

N

UL td) o (2.8)
um g] bZ . |

where uszturbulent mean velocity in the x direction at a

‘distance z from the axis’
b, =the half length i the 2z difection
g1=5 functiongl relati |
From experience with other jet Flows it is possible to make

the assumptions (Rajaratnam, 19 B

; | " 2
v o z —— = g.(—~) .
— = g, (=) u 3'b

_Um 2 bz ’ . m 2z
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ELTARS 3 N L g () —
Z T 'y . 7 7 95'p (2.9)
u 2 u F4
m € m
where g denotes a functional relationship.
If it is further assumed that -
u a xP b a xd and b, » x9%2 (2.70) -

m‘:l y .,

where p. q,and g, are unknown exponents. Then it can be

- shown that by manipulation of the above set of assumptions

Eg 2.5 becomes \ .
‘ : b b y 4
Topy =,ﬁ\’= nooy ; 42 ,"-EL*F,Z,
SRR T B g i TR (bz) f19 b, 195
Mo ¥ Rg ¥ f
_L_ 2 ' o2
0 %, b ) ff S
mD y

where, for convenience, (y/by) and (z/b,) have been dropped
from Eq 2.7 to 2.9 on the,uhd,er-standiﬁg that f is a function

, ) /
of (y/by) and g is a function of (z/b, ).
and where d
: ] T ]
umo = ?;ﬂ'lﬂ mﬂ

=
o




also the prime on the f function denotes differentiation
with respect to ly/by} and~6h the g functions denogas |
differentiation with fespect to (z/b; '. ’ M\

In turbulent jets '_I,':.TS; ¥, enerally small and so the
first term on the right hand sidé of €q 2.1! could be
neglected . this assumption will only run intd difficulties
near the wall. Also for wall jets by/b, is less than uﬁity'.; |
- so that the second term on the right could also be dropped.
For similarity, since the left side is independent of x. the

right must also be independent of x. Therefore:

(2

b u'
g L "0 o xC
u
Mo
(2.13
- (d&]*‘p-]-p)a xo q1 =} ( » )
slso b ' a x? - qy-1 =0 , : (2.14)
Yy . , {.‘
b b' 1-a.) 0 S
finally __1__-2- a XO x(q]+q2 ! qz) a X ;g q,,‘ = (2.15)



=

ThEFEFQFé q1é1isq3=1 but the value of exponent p is still

unKnown .

Momentum Integral Emati;ﬁ

gy

To evaluate the expanent p the mEmEﬁtUm 1ntegra!

equat1cﬁ can be ut111sed From Eqs 2.5 and 2 6

: ’7',3: 3 u'v
r(u ) + ﬁ(uv) + ;—;(uw) = i’i(%%'* :‘ir) - (giy v =

u'= v's w'= 0
® o = (] Q—q =
y u =20 7y ° 0 X
u'= 0 .
and‘ at Z = itm u: 4] ég‘!_ - Q
P - ' - = ‘ : az . -
u'="0

Fal

Eq 2.16 is 1ntegrated over the 1nF1n1te half space bauﬁded

-by y=0 plane and reduces to

@ @

’ 02) dvds 5
[ [ o foin

L e 0

|m
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_EE%[:[UZ ydz f (2.

where 1, is the shear stress on the boundary

Rewriting the right hand side of Eq 2.1

T _
| J[ 0dz =

&

o

S Y=
(]
[}
Tf—
—
O‘
3

- L =@

where
direction
Tom-DOUNdary shear stress on the

in the x direction
E=zZz/x

and assuming that

T : . .

U-’g‘ g(gﬂ‘)

19

17)

X [ :0 ) dg (2.18)
Om

x=distance measured from the nozzle in the x

centreline and is

j[ = d& = a, - T (2.19)

- (2.20)

(2.21)
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where, a, .C; and C are empinical constants found from
experimental data. Qﬂ is the efflux Vé]@@itylaﬁd A 15 the
cross-sectional area of the nozzle. Eq 2.21 is only a
simplified version that does not fit the experimental data -
very Qel]@ |

Then it is possible that by substitution and

integration to obtain the equation

@

=) Z ’
2 - u | fr x ] '(2.22)
./[ " dydzno["a‘l‘?‘ th k1 ’

= 0

where MasgégfseFFTux momentum of the nozzle and Xg =the
value of x at the ViFtuETFGFigiﬁ,

Based on his experimental results Pani(1972) was able to
evaluate a,, Cfaﬂé C and simplify Eq 2.22. Pani(1972) tﬁEﬁ
demonstrated that the momentum loss i a distance of one
hundred times the nozzle thickness was around 11%. Therefore
for a rough approximation the three ﬂime@si@naj wall jet
momentum is conserved and Eq 2.22 reduces to

-] =)y

f fau‘?dydz = My (2.23) -
% . -

Differentiation of Eg 2.23 gives

i [ , d(my) ;
ax f f@uzdydz = ,dxc’f = 0 (2.24)




(2.25) |

|
o

[ 29,2 () d(&)
, , O,

'In'Ea 2625 the integrand is a constant, implying that

- o N 2 V . . P
) % [Qu - bbe_J =0 | (2.26)

that is
- Zp+qy+q, 0
: a

x x\ S @an

2p+qy+q, = 0~ p = -1

- Therefore for a three dimensional wall jet
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Dimensionél Considerat ions

The use of dimensional aﬁaiysis\always_iﬁvaives
-engineering judgement and exﬁeﬁience in order to choose the
important variables.for a three dimensional wall jet with
deep submergence the following results héve EEEn
successfully vindicated by éxperimEﬁtal observations
Pani(1972). |

Generally. Reynoids numbers in jets are over a few
thoﬁsaqq and therefore it is reasonable to neglect the
effect of‘viscosity. Therefore the maximum velocity along
the centreline is a.functiaﬁ of the iﬁitiai momen t um
flux(becquse of conservation of momentum) . the fluid density
and the distance X measured from a virtual originfrefer to
chapter 4 for detailed discussion). ! |

Up, = @MguouX) | (2.29)

Using Buckinghams Pi theorem it is possible to obtain that

(2.30)

©
8 -
o
L]
Y

where C is.'an empirical constant

but M = oAyl
Q Q



- 2.31) .
0, (3/ /A (2.31)

The centreline shear stress can be expressed as

Tom = BN .0.x, v) o (2.32)

again the use of Buckinghams Pi theorem leads to the result

— 2 -
Zom (-——: ) - UC{V‘/A ) (233
ol

For a given Reynolds number, romé %‘2
Because the shear stress is a func%ian of the Jjet
velocity, it is reasonable to expect that if the transverse
velocity profiles are similar then the transverse bed shear

"stress profiles are also similar.

T = frz ) : o
;09.'“ (;:) | L (2.3%)

and also that b*, the shear stress half length,a x.

IS

"'D. Adaptation to Finite Tailwater

| ]
The following paragraphs attempt to show how the theory

of three dimensional wall jets in some cases remains to a
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reasonabie approximation valid while under other. conditions
some of the assumptions made in the - ‘theory are no longer

v}able and the theory breaks down.

'Shallow Tailwater Condition

From observations made of the flow. it became obvious
that for tailwaters approachlng the same depth as the nozzle
height (and tailwaters less than the nozzle height) the
surface of the water No longer remained flat. The waves and
ripples formed on the surface were unsteady |, shars=¢%esteﬂ
and localised.Therefore for a shallow tailwater it can no
longer be assumed that the pressure gradients are
negligible, nor that any gradients in the x direction are

smaller than those in the y and z planes. [t is also

be small compared to the mean velocity. These factors lead
to the conclusion: that the bquatIOns of motion can no longer
be s1mpllf1ed as discussed above. Because the flow patterﬁ
has become so complex no attempt has been made to simplify
the equations of motion and the theory for infinite
submergence can no longer be accepted.

The actual definition of a shallow tailwater is unclear
and .from observations . 1s dependent on the Froudeé number Fo
defined as |

Fo = (2.35)

.
o
Vay,



where Y% =hozzle height

However , for the range of Froude numbers considered in
this present study it appears tﬁat the surface disturbances
become small for a tailwater one third greater than the
nozzfe height. It should also be considered that for a
shallow tailwater the Jet expansion in the transverse
direction becomes very small{see chapter 4' and therefore
the ratio of b, /b, can no longer be assumed to be much less

than unity, further invalidating the theory.
“Uniform Flow Region” .

In chépter 1 the concépt of an (almost) Qﬂifaré Figu.
region was discussed and it was stated that within this
region the similarity of vertical velocity profiles would.
become undefined: It was also discussed that this region
occurs in both shallow and moderate tailwaters. Therefore,
at a certain distance downstream of the nozzle outlet, the
similarity analysis used earlier can no longer Be true and
" again the theory fails. Again the definition of a moderate
tailwater is unclear and is dependent on fo but in the
present study a tailwater to nozzle height ratio of
approximately four appears to be a reasonable upper limit,
The distance downstream to where the (approximately) uniform

flow region starts is undefined and is dependent on the
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tailwater depth and Probably the Froude number. It should
also be noted that even for Quite deeply éumeFged flow
.conditions. the jet Exgansiéﬁ still reaches the the water
;erace. When the jet expansion reaches the surface some
sur face disturbances do occur but are not thought to be

significant.

Moderate and Deep Tailwater Conditions
L 4

Within the remaining flow situatiéns. that is, for a
moderately deep tailwater., fairly close to the nozzle outlet
‘and for the deep submergence condition it is pgssiblg f@
investigate the theory of three dimensional turbulent wall
Jets to discover whether it can still be use?.

The assumptions made in simplifying the equations of
motion are still valid, as s the similarity analysis

providing that Eq 2.10 is modified slightly. For a finite

tailwiier it is reasonable to assume that *
P
umc a x
b_y a x31
bZ a qu

} N
- .but that the coeffecient of proportionality is different
for each tailwater. That is. Eq 2.10 is true for any given
tailwater depth. This, therefore, leads to the same

conclusion that q,=1 and g,=! or in other words, the
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variation of the length scales are linear.withvthe distance
downstream from the noz;lé but the equation of the line

| relating the two variables changes with the variation of the

tailwater depth.

_ Considering the momentum integral equation: this
 é§uhtion remains valid but the boundar? condition for yze is
no longer correct. At the water surface fﬁere is an
air-water interface. on this interface it is reasonable to
assume "ﬁo~s;ip" condition and within the bounds of accuracy
used in the above work the shear stress qn»the interface can

be neglected. Therefore the boundary condition for Eq 2.16

becomes

Y=Yy u=Ug - u =0
. ' ] : Ey_ -
u'=Ug

and the gpproximation of conservation of momentum is still
corréct. So again Umo® 1/x for any givén tailwater but, as
before ., the equation of the line:is a function of the

tailwater ‘depth.
Dimensional Considerations

As stated in section C the use of dimensional analysis
involves. the use of considerable engineering judgement .One
obvious approach is to use the knowledge of three

dimensional turbulent wall jets with infinite submergence as
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a starting posztvon and to make adjustments to account for a

finite tallwater
For example the centreline velocity decay can be

considered as

umo_ o ("qops X—, .V_t. yo) S : SR (2-36)

where % =“tailwater depth  '

Yo ZNOZZle height

Buckinghams ?i theorem gives the dimensionless groups

u = F M,y '
mo [ [ 2 -t ] (2.37)
' Vox Y : _

_1) - (2.38)
Similarly the centreline shear stress could be expressed as
T = 0 (M

o Q’,'l—, v, yt. yo) (2-39)

\

and. as shown earlier, for a given Reynolds number rtgmal/X’,

but now the proportionality is a function of the tailwater.
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The transverse shear stress profile can be expected to be
similar but again the half width, b*, will be a function of
the distance x and the tailwater depth Yy -

It must also be recognised that the correctness of
‘dimensional analysis is véry sensitive to the variables
originally thought to be involved in the fuﬁct%éﬁ, 1f. for
instance. the wrong length scale is used then the
dimensionliess groups will be formed around the incorrect

assumption.

E. General Discussion

‘As has been shown, the theory of tﬁfee dimensional
turbuient jets with a finite tailwater depth is not complete
and in some areas non-existant. It is therefore necessary to
camgiémEht theory by empirical relationships.This
development of empirical correlations is attempted in the
following chapters, using the results aﬁtaiﬁgdffﬁcm -
experiments performed on bluff jets with .a finite tailwater
depth.

It must be recognised that experiments can only cover-a
limited range and this is true for the studies presented
here. Also the development of empirical relationships
involves a great amount of judgement, expéFiEﬁEE. trial ang
error and dimensional consideration. Therefore. the
relationships and correlations presented in this study must

be treated with caution and may need to be ad justed as more
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data become available. Nor should they be éppIied to
situati@ﬁs which have different boundary :aﬁditi@ﬁs. for
example when the jet is slender or when the jet discharges
into a channel of restricted width. However the empirical
results contained in éhis study do providé a far better
estimate than trying to apply infinite depth theory to.
finite tailwater cases and a better estimate than anything

. that, to the author’s knowledge. is currently available.
E. Summary

An outline of the theory for iﬁFinite tailwater has
béEﬁ presented. The equatiéﬁs of motion were simplified |
using an order of mégﬁitgde analysis. Then using ag
similarity analysis and the mﬂmentum iﬁiegraI equation it
was shown that the Jét grows 11near1y and the centreline
velocity decay is pr&portional to the inverse of the
distance from a virtual origin. Using dimensional
considerations it was shown that the centreline shear stress
decay is proportional to the- “inverse of the square of the
distance Fram a virtual origin Far any g1v3ﬁ Reynoids
number . |

It was then discussed how the theory became invalid for
tai]water'tg nozzle height ratios of less than approximately
17 and how the theory became invalid when the jet entered
the (approximatelyi uniform flow region. Finally the theory

was found to be still valid, although with additional
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dependence on the taiiwaier, for flow situations in which
the taflwater was deep, i.e. a tailwater to nozzile heféht
ratio greater than approximately four or %ﬁ moderate depth
tailwater when restricted to réiative%y close tgvthe nozzle.

|



II11. EXPERIMENTAL APPARATUS AND MEASURQHEN? TECHNIQUES
A.. Introduction.

This chapter destribes the apparatus used in the study'
and discusses the various measurement methods useﬂ; The:
limitations due to the apparatus and experimenta] procedures
are also dealt with. The experiments were carried out in two
flumes. The first flume, called the jet tank, was the
smaller of the two but more versatile. The second and much
larger flumé} referred to (for the want of a better .
description) as the lake model, had a fixed tailwater
conditionrand a free surface inlet (nozzle). The 3
photogréphic study was carried out in both flumes., while
velocity measuremenfs were restricted to the jet tank and
the scour investigéti@ﬁ tg the lake mode | . 1

#S

B. Jet tank -

The jet tank was of a rectangular shape, 3.55m long,
1.11m wide and 1.22m deep, with plexiglass éidesi A Fa]se.
bed was provided approximately af half depthi‘This bed was
provided by a 5mm thick aluminum plate, 1.10m wide and 2.44m
long, stiffened by two channel sections, running lengthwise,
26cm from each edge. The plate was suspended at the upstream
end by two. threaded, 5mm diameter steel rods. one in each

corner. The rods passed through flanges attached to the top
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of the tanmk ,thus enabling the upstream end of the plate to
be leveled for each nozzle used. The downstream end of the
plate was supported by hollow comcrete construction blocks
and a system of weégesf which allowed the plate to be set at
the desired level. The test se:ti@? of the bed was sprayed
with wh{te paint and a 1cm grid was etched into the paiﬁt.r
rdnning parallel ahdgﬁarma1 to the ﬁazz1é central axis.

The inflow was fed, primarily from the laboratory sump
but was supplemented by the city water éu@ply when
necessary, into a 150mm diameter standpipe. The staﬁdpiﬁé
could be varied in heighf to provide different constamt head
conditions. An overflow box cgllected the waste water and
returned it to the éumg;:The standpipe turned through 90
degrees iﬁta the horizontal plane and after a length of 76cm.
entered the nozzle. In the horizontal section of the pipe
"hogs hair" was positioned to act as a baffie and reduce any
FTuctuatiéﬁé or secondary flow. The nozzles were well formed
and the contraction .took place over ‘a 30.5cm ]Eﬁgtﬁ.lé
circular nozzle of 2.54cm Qiameter and a ‘smal! rectangular
ﬁazzie 0.64cm high by 1.58cm wide were turned from solid
brass cylinders .A lérger nézzie 2.5cm high and 4cm wide was
Shap§d out of wood and sealed against water.-

The tailwater conditions were controlled by an
adjustable standpipe 13.7cm in diameter. The outfiow was
collected and either returned to the sump or, if dye was

being used, into the city sewer system.



Figure 3.1.gives a schematic diagram of the jet tank

arrangement ‘and plates 3.1, 3.2, /3.3, 3.4 show details of

~ the actual experimental setup.
" C. Lake Mode]

The second flume was constructed from hal]éw
construction blocks and was 15.25m long, 4.57m wide and
0.61m deep. The inflow was'prcvided from the labératgry sump
and entered at the bottom of a head reservoir which was
0.61m long, 0.405m wide and 0.€1m deep. From the rééervgir
the inflow passed over a V notch weir and into a head cané?
0.91m long, 0.405m wide and 0.405m deep. The head in the
reservoir was measured by a staff point gauge with an
accuracy of 0.025mm and the discharge could be accurately
calculated from the calibration curve of the weir
(Hydraulics laboratory records). The inflow entered thé'iakg
~model through a well formed constriction. The nozzle was
'SQﬁﬁ wide and the upper surface.was unrestricted. The water
level in the model was controlled by sharp-edged tailgates -

that were sealed at a height of 0.406m.The water returned to

the oratory sump, and a plugged 15cm diameter pipe passed

underneath the tailgate, along the bed of the mode 1,
allowing the model:to be drained if necessary.

A 2.4m long by 2.4m wide sandbox @F§;5mm plywood was
placed around the entrance to the model. the top of the

sandbox was level with the bottom of the nozzle. The sandbox
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Plate 3.°' - General view of jet

Flate 3.2

Nozzle Dut1et'and a luminum bed
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Plate 3.2 - Adjustable constant head standpipe and

velocity apparatus

Plate 3.4 - Adjustable constant tailwater standpipe
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cﬁﬂtained 0.11mm mean diameter fine sand. For the
experiments not iﬁvelv{ng scour investigations.. a 3.66m long
by 1.22m wide aluminum plate was placed over the sandbox agd
the entrance constrdction was reShaﬁ&d with plasticine. The
downstream end of the plate was supported uéing hollow
concrete construction blocks and wedges to ensure thidt the . ..

plate was level. , , '

Figure 3.2 shows a schematic representation af/the 1ake.

model and Plates 3.5 and 3.6 show details of the acﬁuaj

. ) ’ |

- arrangemerit. 1 . |
; ‘ |

i

D. Photographic Procedures

The photographic work was carried out in b@thff!gmes‘
and a Pentax MX 35mm camera was used throughout . K@dazeicr‘
I1 C135 print film was used with an ASA 100 setting and a
shutter speed of 1/30 second.

For the jet tank series of experiments. the camera was
supported by two horizontal angle bars running across the
width of the tank. This enabled the camera to be set at a
constant héight of 1.57m above the bed for all the
experimental runs. A food dye injection technique into the
head pipe coloured the jet, allowing a ph@t@gﬁaghic study of
the jet expansion in the transverse diregtion to be made.
Intially the dye was fed, under gravity, along 5mwm diameter
plastic tubing into the jet flow. However this proved

u%satisfa;tgry and was later modified to allow a greater
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amount of dye to be injected under pressure. Intially it was
hoped to take time averaged photographs with a slow shutter
by the food dye it was found necessary to iﬁcreéserthg
shutter speed. In order to obtain a true PEQFESEﬁtQt%Dﬂ of
the jet. at least three photographs were taken for each run
aﬁd the values measured were averaged. The 1cm grid etched
onto the bed allowed an accuracy of +2mm but there was
considerable judgement needed in estimating the position of
the nominal jet boundary. The jet exit velocity was measured
using a pitot-static tube, whisﬁ will be discﬁssed_iatEF in
detail and the tailwater was measured using a point gauge
mounted to a traverse that was capable of ﬁaviﬁg in both
horizontal directions. The point gauge could be moved
vertically by a mechanical cog system, the gauge céuld be
read to an accuracy of 0.025mm but play in the cogs reduced
the accuracy of the readihg to approximately O0.1mm. The lack

of camera lense angle and the need for a clear grid, meant

A

that the section of the tank photographed was quite shcrt;’

For the lake model! the camera was mounted on an angle
beam, that in turn was bolted to a 3.5m high step ladder . |
The ladder was positioned over the head_canai SO t!‘t the:
camera was positioned approximately 3m above the sandbox
test section. A scale was abtaiﬁed_by éénstrugting a 10cm
grid, of elasticated string with an a 1umi num frame, as shown
in Plate 3.6. The grid was photographed on top of the

sandbox and the metal plate before being removed for the



experimental runs. Because the camera was Kept in the same
position fgr all the runs. the grid photographs could be
used as aiszaie for all the photographs obtained from the
study. Dye colouration was achieved by adding the food dye
into the head canal. Again at least three photographs for
each run were taken and the average value calculated. The
mean outlet velocity was found from the discharge obtained
from the V notch weir and the aréa of the nozzle. The depth,
of tailwater and the nozzle depth were measured using a
point géugei similar in construction to that described
eariier for the jet tank and was ﬁ@untéd on a traverse
capable of movement in both horizontal directions. The
-traverse ;@L?d be positioned to +1.59mm in both directions.
Plate 3.5 shows the camera mounting apparatus, while Plate

3.6 illustrates the point gauge.

E. Velocity Measurement
=

Velocity readings from the jet tank were obtained using
‘a conmercially available Prandtli-type pitot static tube and
commercially available pressure transducers. The pitot
étatic tube had an external diameter of 1.59mm (1/16 in) and’
a hemispherical nose. The tube was clamped to the staff
gauge on the traverse described above and i shown in ;ﬁite
3.2. The tube was positioned manually and the etched grid

was used as a position reference.
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The pitot-static tube was connected to the pressure
transducer using 5mm diameter plastic tubing. The preésure
transducer used for lower heads was a Celesco type P900, :
' which had a full scale deflection of +2.54cm water, although
when tested it was found that the readings were stili
accurate to *8.0cm. For larger heads (greater than 2.54cm
water a Validyne model KP15, with a diaphragm full scale
deflection of +0.5psi was used. This transducer had a full
scale deflection of #35.0cm of water and, according to

a/

manufacturers specification, an accuracy of 0.5% and anm
ability to withstand an overload of 200%. The system also
used either a Pace CD25 transducer indicator or a Validyne
CL15 carrier demodulator, both linked to a digital indicator
that had tuﬂvéécimal piacgé and was therefore éaaable of
reading to +0.C1mv. Plate 2.3 shows the pitot-static tube,
the Celesco transducer and the Pace CD25 traﬁsduseE
indicator afd digital indicator. The apparatus was
calibrated using calibration reservoirs., also shown in Plate _
3.3, the movable reservoir could be pcsitiaﬁed to within
+0.025mm. The whole network system was filled with de-aired
water that was coloured to facilitate the easy detection of
air bubbles, which would invalidate any observationg, A
diagram of the system is shown in Figure 3.3

It was usually necessary to take an average value for
the velocity head due to the fluctuations in the flow. For
large velocity heads. as was usually the case. this woula

lead to negligible error but in areas of very slow flow an
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kA

. -t
error of 0.01mV could be quite significant(greater than 50%)
and in the "uniform flow region” of the?jet., with small

b .
differences in velocity in the vertical plane, the

fluctuations of the readings could lead to significant
error.. This was another reason why the investigation only
studied the - jet relatively close to the nozzle. The low head
transducer was calibrated to give a reading of 0. 1mm of
water for every 0.0'mY, while the high head transducer gave
a reading of 0.508mm of water for every 0.01mV shown on the
digital indicator. It should also be noted that the
pitot-static tube gives errors of less than 1% in velocity
-for misalignments to the direction of flow up to about 15
dégrees (Massey, 1975) .

ks shown éar]ieri the velocity iﬁ the lake m@dei was
calculated by an indirect method. The discharge was found
from the V notch weir and the nominal cross-sectional area
" of the nozzle was computed. Using the one dimensional
continuity equation the mean intial velocity of the jet
could be calculated.

F. Bed Shear Stress Measurement

A very simple way to measure the boundary shear stress
is to use a Preston tube(Preston,1854). A Preston tube is a
total head tube resting on the boundary, for which the
difference between the dynamic pressure Dﬁ (he tube and the

static pressure on the boundary is correlated with the shear
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;stress It has been shown lRaJaratnam 1965 Rajaratﬁaﬁ and
Mur;%1dhar 1968 that a Prandtu*type pitot static tube with
a hemispherical nose behaves exactly like a Preston tube for
boundary shear stress measurement. V.. Paté1 (1965) has
given a very accurate calibration curve for the Preston tube
on smooth b@uhdafiES. while £ .B. Haijingghead and 'N.
Nﬁajérétﬁam (18801 have produced calibration curvés for thév
Preston tube on rough boundaries. .

In. the jet tank the bed was painted, with an engraved
-grid. This grid cbv1QJ31y produced, some unifarm rolghness
and before any shear stress measurements cauid be made it
was negessaéy to make an estimate of the raughness

it has been shown (Sch]1:ht1ng 1968) that the increase
in drag due to a circular cavity is the same or less than
that g1ven by sma]1 protrusions. It is therefore reasaﬁabie.
for the lack of any other information, to assume that this
is true for grooves as well as circular depressions.

For a uniform protuberance, a simple Peiati@ﬁship for

the equivalent sand roughness is:

ke = cross-sectional area A (3.1)
> Cross-sectional area B

where kq=equivalent sand roughness and areas A and B are
defined in Figure 3.4
For the case of a ridge of unit width and constant height,

equation 3.1 reduces to



47

sseuybno. pues jue|eainb3 “p'g 84nbiy




kg = aw , . : (3.2)
W ; :
- where sw=breadth of ridge
wzdistaﬁce:betweEﬁ ridges
So. assuming that the grooves due to the‘grid can be
rep]a:eé by equivalent ridges and that the grooves are

nominally 1mm wide, leads to a Keq value of approximately

ke= 1/9 = 0.11 mm/unit length (3.3)

For a pitot static tube of exterral diameter Qf

approximately 1.6mm. the value of

where d=external diameter of pitot static tube

From the work of Hollingshead and Rajaratnam (1980), it
can be found that the calibration curve for a d/Kg value of
15 follows Patels curve until 8p, is approximately 4;1D§ and
then enters a transition zone and becomes fully rough at
sp, approximately 1x10° | o <

where 4p, . is defined as

P

‘Ap, (3.5)

1}
\D‘
=]
[~

g

ko)
<
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p=mass density, vzkinematic viscosity of the fluid
Apz=dynamic pressure
For the vast majority of the measurements made during

the experimental ns, the boundary was smooth but for the

“two high velocit truhs 11 and 12), around the nozzle

the boundary was probably transitional. However because of
the assumptions and approximations used for the analysis it
-was considered reasonable to assume t?at the boundary was
smooth for all meésurements.

Using the approximation cfia smooth boundary it was

possible to use Patel’s calibration curve for the ranges

covered:
Range 3.5 <log T d2 < 5.3
pv
* * . [ *! i
X =y + 2109, (1.95y + 4,10) (3.6) .
whee x" = [og, [P 42\ - Log, o[ ahgd? :
10 : U310 20949 C(3.7)
. 4ov 4% ‘
’ !
* ; X
and.y *(/Log]0 r d2 . = , N
) e O} e ey
4pv2
C .
Range 1.5 <y < 3.5
* ' * . fz . §3
y = 0.8287 - 0.1381"'x + 0.1437 - 0.0060

(3.9)
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o, : :
y =172 x + 0,037 . (3.10)

and Anpzpréston tube reading (the difference between
-Pitot and Static pressures)
ofwall shear stress
Ah=head of water equivalent to pressure difference
g=acceleration due to gravity-

From temperature measurements taken of the water used
in the jet tank, it was found to bévof the order of 10°C,
thérefore the value of the.Kinematic viscosity was taken as
1.3mm%/s (Massey, 1975

Using the equations given above it was_possib]e to
construct a calibration curve, converting the readings from
the transducer in mm of water directly into shear stress
(N/m?). This curve is givén in Figure 3.5.

~

G. Scour Hole Measurement

> A.fairly elementary study of:thé scour hole formed by
 the jet issuing across thersahdbox_in the lake mode! was
performed. The model wés left in operation for a minimum of
18 hours ard occasionally for as long as 56 hour$ in order

that the scour hole reached the asymptotic state (Rajaratnam
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and Berry, 1877).

Once the scour had reached the asymptotic state, the
flume was drained and the scour hole measured along its
central axis ,using the point gauge described in section C.
The flume was refilled before the .scour hole was filled in
and leveled. The periodic draining of the lake model ensured
that there was no temperature difference between the body of
water contained in the flume and the water of the jet. Th{g
was also confirmed by temperature readings taken in the héad

canal and the lake model.



Ah, mm

Figure 3.5 Calibration curve for bed shear stress



IV. ANALYSIS OF EXPERIMENTAL RESULTS
A. PART I - UET EXPANSION

Intraduct%aﬁ

This section presents the results ébtaihed from the
photographic study made of the threg dimEﬁsiDﬁal turbulent
bluff wall jet with varying finite tailwater céﬁditiaﬁs;
Based on the present observations, a relationship for the
change of the angle of the jet expansion is presented in a

suitable form.
- Review of Existing Work

Unfortunately there appears to be no previous studies
made on the problem of the change of expansion of a bluff
wall jet due to variations of the tailwater depth. However
some results have been obtained for thE’limitié% case of an
infinitely deep tailwater.

Due to the problem of defining the exact position of
the jet boundary, past investigators have only locked at the
growth of the half width, ie the position where the local
velocity is half the maximum velociy. This half width has
been found to grow linearly with x, the distance downstream
of the nozzle, and for wall jets the growth is much larger

parallel to the bed than normal to it (Rajaratnam and

53
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" Pani, 1970; Newman et a].ﬁ1§72); Using the terminology shown
in the definition sketch Figure 4.1  Newman et al. (1972}
dbtainéd a value for tane’ , ¢ being the anglé of half width
growth, of €.278, while Pani({1972) measured a value of 0.20
and Chandrasekhara Swamy and Baﬁdycpaahyay (1975) arrived at
arvaiue of 0.166. However the experimenta! conditions of
Pani were the closest to those of the present iﬂvestigati@n
and a value of 0.20 for tane can be accepted. It is
necessary to find a relationship between tane’ and tane .
where 6 is the angle of growth for the nominal Jjet bGUﬁdéFy“
Pani (1972) has shown that the velocity profiles in the
transverse direction are similar and that the error function
curve can be fitted to the data with reasonable accuracy,
although the data tend to Jie aboye the curve for larger
values of z/b, . z being the tr!'!verse ﬂfstaﬁee measured
from the centre of the jet and b, the half width in the
trénsverse direction. Rajaratnam !7955)? while investigating
the modelling of the hydraulic jump by wall jets, used an
approximate value of 2.25 for the non-dimensional length
when the velocity became zero. Using a slightly higher
estimate of 2.50, because the data lie just above the error
function curve, leads to the result tha; the value of tane
for an infinite tailwater is of the order of 0.50.

The other limiting condition is that of no tailwater.
The situation can now be described as a stream expanding -
past éﬁ abrupt expansion and as such the expansion, of the

stream, has been found to be dependent on the Froude number



55

uonoes (q

ueid (8 yojlexs uoniuyeq ‘| 'y @4nBi4

0K

IN

N

<= On

Q



56
and -linear (Rouse, 1949) .

Exper iments

It was found that the 1n3ect1on of dye into the Jet
produced a visua! demarcation between the Jet and B
surrounding fluid. From photographs taken of the coloured
Jet. it was observed that the jet was basically linear in
its expansion, and that the expansion of the nominal Jet
boundary could be measured directly and with greater
accuracy than by veloc1ty measurements

In total approximately -one hundred dxfferent
comblnatlons of tailwater depth, initial velocity, nozzle
aspect ratio and shape were investigated. Photographs were
obtained and analysed for each run. In the jet tank, three
different nozzles were used,

1) Round nozzle, diameter of 2.54cm, aspect ratio=1.0 .

2) Rectangular nozzle, 4cm wide by 2.5cm high, aspect
" rato=1.6
3) Small rectangular nozzle, 1.58cm wide by 0.64cm
“high, aspect ratio=2.47

In the lake model, a study was made when the bed Qas
‘fine sand (D5 =0.11mm) and.the velocity was small enough
- that no scour was observed. A second study was made when the
aluminum plate was placed over the sand bed. The out]et
sizes for tHe two studies were

1§ Rectangular outlet. S5cm wide by 3.1cm high, aspect



o
‘q‘

ratio=1.61 7
2' Rectangular outlet, S5cm wide by 2.00cm high, aspect
ratio=2.50

The ihitiaitjet velocity range covered was extensive,
the lowest being !'.79cm/s and the largest velocity was
-265.0cm/s, although this upper velocity was for the no
téi1water condition. The largest velocity investigated for a
run with a tailwater was 256.1cm/s.

The tai1uater range was varied from no tailwater to a
tailwater to nozzle height ratio of 13.6, whiéh is
approaching the infgitite tailiwater condition. Most of the
tailwater to nozzle height ratios were, however., in the\ —
range 0.6 to 6.0.

- It should be noted that towards the downstream end of
the p]ate: in the jet tank, the jet sametimesgbecame
unstable and oscillated. This may have been caused by the
jet entering the deep water at the end of the tank, but while
‘investigating hyFrau]ie jumps below abrupt symmetrical
expansions, Réjaratnam and Subramanya (1968) noticed that
for a certain range of small tailwaters the jet tended to
oscillate. The instability experienced in the present study
may have similarities to that fcuﬁd by Rejaratnam and
Subramanya but further study needs to be done before any
conclusion can be reached. However due to the relatively
short test section used in the present work any instability

did not affect theresults’observed and presented here.
- '
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Experimental Results

_From the photog#hphi; study undertaken it was found
possible to classify the' jet characteristics into Five
separate sets. T;ese five classifications are defined in -
Table 4.1. |

. It will -be noticed that Table 4.1 also contains two
other classifications however these are the results from the
lake mode! and are only separated for ease of
identification, they are really part of Set 5. Plates 4.1
through to Plate 4.12 show typical jet profiles from each

classificatton.
Set 1
Set 1 was the condition of no tailwater.Plate 4.1
gives a typical illustration of the flow pattern
observed. The expansion was found to be linear and, as
discussed previously, the rate of expansion was

dependent on the Froude number defined®s :

hS

o 0 A : (4.1)

Fo =Froude number

Up=Initial jet velocity
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Table 4.1 Jet Expansion Classification
Tai IwéteE/Nazzié Comments
height s
Y, /¥, =0 A "No Tailwater
04y, /% €0.3
Di;’}g’yi /¥9<0.6 Non-monotonic .
Ogﬁéyg/ya{r,(j _ . inear but 2#zq/2
’!.ngt‘/y‘g vinear and Z=z4/2
é’t /Yo®™1.0 | 7La’ké mode | with
 metal plate
Yt /Yo=1.0 Lake model with
| sand bed but no

scour
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Yo =nozzle height

g =acceleration due gravity

The no tailwater condition was not investigated in
any great depth and the detailed relationship between
the froude number and the!rate of expansion wasAﬂat_
obtained. Hgﬁevar from Figure 4.3 the trend was obvious,
higher Froude numbers have a slower jet expansion, which
also agrees with the findings of Rouse (1939) and agrees

with general judgement.
Set 2

Only one run was within this set and it %ay be an
oddity. However from Plates 4.2 and 4.3 it can be seen
that that set 2 could be the limiting case of set 3. The
observation appears to be a valid result and until

proven otherwise must be treated as such.

Set 3

The results obtained from this set were very |
/
interesting, in that the jet did not expand in a !

monotonic manner. In this range the tailwater was
approximately half the nozzle depth and the top portion
of the jet tended to plunge into the tail&ater creating
a "bulge". After the initial expansion the jet

contracted again. The reason for this contraction was
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not obvious @ut may have been due to the forward

momen t um 5F the lower portion of t@e Jet and passibie
side flow into the jet due to the reduced pressure in
the high velocity region immediately before t%e
chtragtigﬁi Figure 4.4.shows a possible representation
of the jet. The length of the "bulge" appeared to be
dependent on the Froude number fo - as can be seen in
Plates 4.3 and 4.4. In Plate 4.3 the Froude number was
approximately one and one-half that of the jet shown in
Plate 4.4, the position of maximum ceﬁtracti@ﬁ does not
appear in Plate 4.3 and obviously occurred further ‘
downstream. The flow pattern was obviously very complex
and much further research would be required to

understand the flow in this range completely.
Set 4

In Set 4 the study showed that the jet expanded
linearly. However there was an abrupt.initial expansion
and therefg;e the line of the nominal jet boundary did
not pass through the ends of the nozzle (ie 22z /2). A
study (Figure 4.5) of the variation of the ratio 2 to ,
1/2z showed considerable scatter, although a trend was
obvious and a straight line could be, for a first

approximation, drawn through the data.
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Set 5

411 the tailwater to nozzle height ratios Yy /¥ )
greater or equal! than one were representedvby one set.
In this set, the Jjet expanded linearly énd the jet
boundary passed (abproXimatelyb through the nozzle ends
(ie 2=1/2z51.
| - Photographic evidence from Newman et al.(1872) and
Pani (1972) has shown that. for deep subﬁ;:;ence. the
jet has an expansion virtual origin slightly in front of
the nozzle. this was also observed in Plate 4.9.
Unfortunately neither Pani nor Newman et al. conducted
any analysis of théir photographs nor did‘they provide
any indication of the .scale for their work. From the
present study this difference in virtual origins appears
to be negligible and for practical purposes may be

discounted.
- Sets 6 and 7

As noted earlier, sets 6 and 7 were covered by set
5. Both sets were from the lake model and the tailwater.
to nozzle height ratio was unity. Set 6 gave an
~ expansion angle (tane)\varying from 0.14 to a maximum of
IO.235 and an average of 0.184. Set 7 gave an average
"va]ue for tan of 0.20. with a variation from 0.14 to

0.26. The slightly larger value of tams in set 7 was
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due to the additional roughness of the sand bed.
Correlation of the Transverse Expansion

When all the data available on the variation of tan
with the tailwater was plotted (Figure 4.6) tcgether?in a
~ dimensionless form, they were found to lie. for yt/¥5>o!6
.on a single curve. It Qas noted that the expansion angle
(tan®) was independent of the jet velocity. because tﬁe
7 results from the lake model lay well within the data
scatter. For ratios-of y!/g: less than 0.6 the curve was
uﬁéeF}ﬁed due to the non-linearity noted in the-paragfaﬁh on
set)é_ and the dependency on the fFroude nuﬁbér discussed
prev%ausiy, Figure 4.6 presents the variation of the jet
expansion ahg1e Far different tailwater to nozzle he1ght
ratios and Apﬁéﬂd1x A contains the data and plots @bta1ned

from the photographic study.
Summary

From experimental observations using a dye injection
and photographic technique, it was found that for bluff
nbzzles the jet expansion in the transverse7girectien was
dependent on the tailwater depth. It was Faqﬁd that the
nozzle height could be used as a ﬁ@ﬁ‘diﬁéﬁSi@ﬁalisiﬂgi
parameter énd if used., then a single curve was @btaiﬁeé for

»
the variation of the expansion %FQ‘E* It was also found that

",

rs
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( . :
the jet could be classified in five sets, each with distinct
physical characteristics and that F@rf%aiiwatgr to, nozzle

3 _ o L _ b ,
height ratios less than 0.6 the fFroude number became another

(]

s
e

impor tant parameter.
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B. PART Ii VELDCITY AND SHEAR STRESS A&ALYSIS | )
A V ) ‘
Introduction . . ) ‘
The re§u1;k of velaéit; measLEémEhts taken él@ﬁg the

centreline plane, normal to the bed and in the transverse
plane of maximum céntre]iﬁe velocity are present%dn F rom =£
. ) ,) V . *

these observations, the velocity profiles are shown to be

L3

similar and relationships for the:maximum velocity decay,

growth of Tepgth scales. surface velocity and variation in’
4

the-length of the potential-core are established, When
possible the empirical relat.ionships are compared with

theoreticaily established laws. Also.the results from shear
stress measurements are presented in suitable forms.

V4
/

1

Review of Existing Work . : o e

. The earliest experimental investigations into three
dimensional turbulent wall jets were carried out by Viets
and'Sfbrza (1966) and Sforza and Herbst (1870). However the
first detailed investigations of bluff wall jets were
performed by Newman et al. (1872) and Pani (1972), followed
by Chandrasekhara Swamy and Bandyopadhyay (1975). The most
-complete gtudy was performed by Pani (1972} and for this

reason, and because ‘his experimental arrangement was very

similar to that of the present study, the results obtained



by Pani m‘il ger\eraﬂy be used as the asym:t:p&h: values for
‘the present relationships., » note will be made of the values
assignmed t@ the asymptoptic gase when :they occur in the

following sections:

Exper iments

. A ﬁ@t&? of fwelve runs weréimaﬂe in the jet’kgﬁg .
dés:riéed in chapter 3. For each ruﬂ.‘a d{FFEFEﬁt taiiw%tEF
'?ﬁd initial jet velocity was ‘used. The.'velocity méaguremEﬁts
w3re!mad§ by using the PrandtT-type.Bit@t static Eube
d%s:ugsediiﬁ‘chaptfrpig(The shéarastfess measurements were
;btaiééd by Fegtihé the Prandt] tyﬁe!piiat static tube on
the bed aﬁd using the ca1ibrati5& chart shown in Fig 3.5.
The first ten runs were méde with the rectangular nozzle of
dimensigﬁs'shDWH in Fig 4.2/b). wh?le runs 11 and 12 were \
made wwth the 2.54cm diameter PDUﬁd ﬁDZZ]E shown in Fig
4.2(a)

In runs 1 to 6 only measurements DF the vart1cal
centreline vela¢1ty pTDf11ES were obtained but in runs 7 to
12, the vgrt1231 centreline VE]SE1ty_pFDf1]E and the
transverse velocity préFiTe, along the plane of max1mum
centrei1ne veloclty was measured. Also for runs 7 to 12, the
centreline shear stress and the transverse'shear stress
values were obtained.

The tai]watér was varied between 2.77cm (ie a tailwater

to nozzle depth ratio of 1.11) to a maximum of 1.1cm (a



>

tanwater to nozzle depth ratio o‘f 4.44). The ‘im'tial jet
ve\oc1ty varied. from 61ﬁ§1m/s to 100cm/s for runs 1 to 10,
while for the runs with round nozzle, the 1nit1al Jet N
velocity was of the order of 130cm/s. The s1gn1f1cant

A
details for each rud are given in Table 42"

)

.Typical Vertidal Velocity Profiles

As discussed‘in chapter 2. it is possigle to describe
the tailwater congi;ion as three separate types, shallow,
moderate submergence and deep submergence. Each taf]Qater
type has its-own distihct characteristics. Shaltlow
tailwaters have a.short potential core end pass diree\ly
from the potentialicore region into the "uniform flow"
transxt1on zone. Moderate tailwaters pass from the potent1al~
core reglon into a radial type decay reg1on before entering
the pn1form flow™ trans1t1$n. While deep tailwaters never
really enter the transitibm into uniform flow. Figure 4.7
(a),(b).tc} shows typicaf velocity profilee from each of the
three tailwater types. Ih Fig 4.7 x is'the distance in
centtmetres measured downstream from the nozzle, y ig the
distance measured from the bed and u is the forward
horizontal velocity. ‘In each profile, it can be seen that
the maximum velocity decays the further downstream the Jet

travels and that the surface velocity approaches the ma x imum

velocity for the sect1on further downstream. Fig 4.7(a)
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Table 4.2 Det;iis of Experimeq}s »

Run Shape u?}m/_s_' ¥, ©m y‘(;yﬂ; R

K/ 1 . Rect. _95.0 2.77 « RN 23,108

2 Rect, 92.0 = 3.78, 1.51 22,379

: Rect. 98.0 4.05 1.65 24,838

| Rect 1000 3.2 1.28 ' 24,325
4

I K

~un

Rect. 84. ¢ .63, 1.85 20,433

30 1.24 20,555 .

Rect. \ B4.E

e ] o

Rezt 79, 86 3147 N9.266

0

5

Rect ~ 61.9 11,1 4.44 15,057
.

" Rect. 80.8

10 Rect, "85 1

R Round 187.3 7.0 $2.76 . 32,432

3.35 ¢ 1-34 20,700

12  gound 191.2 1.94  1.94 33,107
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‘/§1ves ,a very clear 1llu5féatian of thé vertiéa1‘veic¢ity
prof11e becoming a]most u41fcrm but st111 having a largei
forward veloc1ty. q-_; , . )
Similarity of Vertical Velocity Profile . N\
. ﬂ E i \

It has been common among investigators of jets issuing
into an infinite ambient fiuid; to reduce the vaigc%ty |
profiles into a similar form by using the half 1éﬁgth as a
characleéistiquength scale, However whEﬁ‘investigating the

. problem of a finite Eaiiwafer it Qas found that theg
velocity, in the vertical plane, often hevgs reached a value
~ofthalf the local maximum velocity. This obviously leads to |
~a need to find gnother suitable scale and after a process of
trial and error, it was Fauﬁd;thatJIhe length, b, when the
velocity beéomés_és% of the maiimum vedocity could be used
satisfactorily as the characteristic length. When this scale
" was used to non-dimensionalise the wvertical diétange. y. and
the maximum velocity, u, . . at that section was used f@
non-dimensionalise the Velocity, it was found that for each
run the velocity pfofiles became similér gfter a downstream .

.
distance of approximately twelve times the nog

Fig 4.8(a) gives a definition sketch for the.scale¢
nqn-diménsionaIising the velocity profiles and Figur
" shows .three typical reduced verficai velocity profiles..
Furthermore when all the reduced profiles were plotted

together on one plot, it was found that they all collapse
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onto a single curve: The similarity ie very “good ie.the
‘region close to the maximum velocity but some scatter occurs
further away from the bed. uh1s scatter was not unexpected
’cons'ﬁer1ng the length scale Gsed but~}he general trend of
the curve. shown in figure 4 10 ,is clear. From Fig 4.10 it
: can be seen that the s1m11ar1ty pro.vle lies above the curve
of the plane turbulent wall Jet on a smooth wall (the ’
cla551cal wall jet). Thvs is due to the greater acceleration
of the jetaat dwstances away from the wall, d1scussed
prev1ously in chapter ‘t 1s interesting to note that for
deeper. tailwate® (runs 7 and 11 tisg data lie closer to the
C.w.d.bcurve t#n the data forAshallow tailwater truns

4.6,101
Surface Velocffy

During the couese4o% the'obseEVations it was not iced
_that the surface of the tatliwater was accelerated as the jet
expanded into the whole depth. Plotting the ratio of the

sur face veloeity to }pe loeal ma x 1 mum Vefocity against the
ratio of the tailwater depth to the nozzle height, shown in
‘Figure 4.11, indicatedxthat for each run there was
considerabie scatter but that generally it could be said
that the ratio Ug /Ume decreases for larger yi/¥> ratios. No
definitive curve througv the points is possible but the
trend indicated reinforcces that which intuitively should be

expected. However, study of the velocity profiles indicated

)
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that the surface velocity. Ug, was dependent not ohly on the
tailwater depth but also on the distance, x. downstream of

the nozzle. It appeared that ~

U]
-

Ug

‘mo

where f,=a functional relationship.

When‘thé above relationship was plotted, .Figure 442,
a correlation became evident and a single curve could be
drawn through ‘the values obtained from all the runs. for
values of x/Y, less {haﬂ appraximaté1y 3 the curve becomes
undefined, this is because as the tai]watér'dezreases the
jet expansion into the tailwater, in the vertical plane,
becomes greater gnd the surface a:ce1eratiaﬂ;is increased
for a region close to the nozzle. indeed for a yt/yﬁ ratio
approaching unity the expansion of the jet into the total

tailwater depth becomes almost instaritaneous. v

Velocity Decay * , ‘*\‘hkt

7

The maximum velocity at any section is the relevant
vejocity scale and it is important to be able to predict the
maximum velocity at any position. Pani (1972) has shown that
when \JA, where 2 is the cross-sectional area of the nozzle,
is used as the length scale all the maximum velocity decay

curves for bluff nozzles collapse onto a single curve.
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~Theory also-predicts that the maximum velocity is inversely
 proportional to the distance measured from the virtual
origin. The virtual origin is a fictitious point at which
the flow velocity approaches infinity in order that the
conservation of momentum can be maintained from a point
é@uﬁce:

In the present study when the decay of the ma x i mum
veiacity was plotted, it was Fauﬁé that the 1Eﬁgfh of the
potential core varied with the tailwater dgéth. It was
therefore ﬂecesgary:t@ shift the origin in the longitudinal
direction to where'the potential core vanished, ie where the
velocity first begiﬁsrta decgy. Figure 4.13. When the
velocity decay was plotted in a non-dimensional form., using
6he‘§ﬁifted'aﬁigini some interesting results were cobtained.
A1though the chEFvatiQnsbexhiﬁitéd some variation, it was
Fgunérthat the results for shallower tailwaters were located
above the adjusted deeply submerged curve., thereby |
indicating that the velocity decay is less for shallow
taglwatEFSi However for tailwater to nozzle depth ratios
'greate% than approximately fwo the curve éiVéﬁ by Pani
 (1972) is of adequately good fit. The various velocity decay
curves are shown in Figure 4.14.

As noted ea?]ier. the maximum velocity was predicted by
theory in chapter 2 to be inversely proportianal to the
longitudinal distanceg but that the prasartiaﬁaiity_§hculd_

change with the tailwater. Eq 2.38 stated
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Upo L € f3( %)
Uy (x/ VA) Ay

defining x* as the distance from the nozzle (x=0) to the

virtual @Fig%ﬁ@ Eg 2.38 could be rewritten as

_ ; . U o= C R L 7
_mo * - - .
U, (x-x )/ A . S (4.3)

The fasyﬁﬁt@tic‘ values given for Eq 4.3 are £:8.4 and

x*/YA =20 (Pani,k 19721 . When Ug/uUpn, VS X was p§c>tted for e%ieh
run (Appendix B) the curves were found to be linear. .
Correlating the calculated vaiues for C and the distance to
the virtual origin, x®, with the variation of tajlwater in
non-dimensional. forms produced very distinct trends. Figure
4:15,(é)L(b). to which curves could be fitted easily. Both
curves differ sharply from the as&mptctic value for Ygfya

ratios less than about two.
Length of potential core

As has been stated above and in chapter 1, as the
tailwater decreased so did the length of the potential
" core. If the length of the core gé\dEﬁ@ted by the symbol

. , ”1 , .
Ly then the dimensionless 1Eﬁgth‘ L. may be defined as
L= 1y

JA

(4.4)
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Pani (19721 found the non-dimensional 1eé§th to be
equal to 5.8, When the dimensionless lengths observed in
the preseﬁtiséﬁdy weré compared with the vériati@ﬁ of
the tailwater to nozzle depth ratio iFiguFerﬂ.iébia

single Eurveiéescf€bed the data éitremely'yeJIJ'
Vertical Length Scale BT

The theory in chapter 2 predicted that the length
scales in both vgrticai and transverse directions should
grow linearly in their ‘respective directions. but that. the
gféﬁth of the scales will also depend on the tailwater
dépthi In the vertical plane an inconsistency iﬁﬁediateiy
becomes obvious because of the fiﬁite tailwater, after a
certain distance downstream from the nozzle, according to
'theary; the vertical length scale will be greater than the
tailwater. This obviously is an impogsibility and therefore

ty of the grbwth of

it should be expected that the lineari
the length scale will break down before this condition
occurs. This deviation ngm theory occurs when the jet
enters 'a stage, termed in chapter 1, as the "uniform” flow
transipicn zone . '
For each ﬁgh the growth of the length scale. b, was
ﬁ]@tt&d against the longitudinal distance {(in a suitable

dimensionless form) and although the number of experimental
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?
‘points for each graph was somewhat limited. it was possible
to represent Most plots by a straight line. Pani 1972
gives the equation of the growth of thp vertical length

scale as . , : : /

_‘/,

b = 0.90 . 0¢ .
}-1_ -_.+00‘45;‘_ B »{4.5)

o . . 0

however the definition of the length scale. b, used in the
present study is approxihately 0.588b, and therefore Eq 4.5

becomes

b =10.53 +0.026 x : (4.6)
Yo ' Yo ‘

The general case of Eq 4.6, for when the tailwater becomes

‘¢

a finite depth can be repbesented as.

b : :
y Ix. f o (4.7)

where g§=gradjent of the linear growth in the length scale
B=the intersect on the y axis, when x=0, of the
growth in the length scale and is related to the position of
the virtual origin for b. ' ‘\;
From the plots discussed above and given in Appendix 8,

it was possible to find a value of db/dx and b/y, for each
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run. When these were plotted versus the tailwater to nozzle
dépth ratio. yifya , they exhibited é very clear trend that
' was_easily described by a single :Qrve ‘Figure 4.17 ‘al and
(b It is interesting to note how the curves differ

| mérked]y from the asymptotic values for yt}ya less than
about two. This deviation agfeesééé1l with the observed
increase iﬂiexpaﬁéigﬁ. in the direction ﬁ@rmal to the bed,
of the jet discﬁssed in chapter 1 and the shortening of the
-thEﬁtial core. These observations éan De explained by the
occurrence of greater turbulent mixing near the nozzle for
shallower tailwaters. It is also of interest that the
virtual origin for the vertical length scale moves from

=

being behind the nozzle to in front of the outlet.
Transverse véiéeity
Typical velgéity profile e

It was shown in part I Fhat the expangsion of the
jet in the transverse plane is severely affected by the
tailwater conditions. However there appears to be no

greasan why the velocity distribution within the jet
éh@uId be affected and, from observgtions made, this wés
found to be the case. The transverse velocity profile
‘was meaéured at a height s from the bed for runs 7 to
12. 8 is the distance at which the maximum jet velocity

occurs at the section in question, see Fig 4.8ib' for a
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ﬂefinitigﬂ sketch. The velocity profiles appeared to be
of a very 51m1laf form to thcse Dbta1ﬁéd from 5tud1es on-
1nF1n1te ta11waters and a typical profile Dbta1ned in
the present observations is shown ir Figure 4.18.
Exploratory velocity readings;iﬁdicatéd that the jet
‘was, within eyper1menta1 error. symmetrical and

therefare an]y measuremEﬂts of one half were taREn
Dimensionless transverse velocity

Using the half dength, bgl defined as in chapter 2
and shown in the definition sketch Fig 4.8(b). as the
length scale and us1ng the maximum lgﬁal velocity as the
velaﬁ1ty scale it was possible to reduce the traﬁsverse
velocity éﬁafi]es for each rung%nta a single curve,
providing the distance was apprcx1mately greater thaﬂ
eight times the ﬁDEZ]E height (fFigure 4.19). Furthermore
when the data points for every run were plotted

- together, it was found that they collapsed onto a single
-curve (Figure 4.20). This curve can be descr ibed quite
well by the error function., which has been shown by
~analysis to describe the diffusion of laminar flow and
has beén found satisfactory in turbulent flow.The

equation can be written as

- , 2
. .-0.693(z/b,)
= a z . = (4.8)

c|c

mo
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5
¥

It can be seen from Fig 4.20 that the data lie above
the error function curve as the distance away from the
_jet centreline increases. This may be due to the
1ﬁaccuPECTEs caused by the velocity fmeasuring agparatus
that was retat1vely insensitive to low ve1@c1t1es as
discussed in chapter 3. However it should be pointed out
that this trait has also been observed by some other
‘investigétsrs (Pani, 1972 ;Newman et al.i19?2
Chandrasekhara Swamy aﬁd Bandyopadhyay. 15751 . It may be
that this trend is the true profile in the transverse
dirécfiéﬂ but measurements made with a sensitive
iﬂStFumEﬁf. capable of measuring the low ve]écities
~occurring at the edge of the jet ,should be used to
-ccnfiﬁm théSEEFESUTtS! However the use of Ehe e%r@r=
function curve to éessribe the transverse velocity
profile is acaéptab1é. providing it is recgocnised that
the true profile may be just above the tailend of the
curve. It should be noted that the value of the ma x imum
‘velocity, used for the velocity scale. is equivalent to
Umo 8nd the method of obtaining the value of Umg + for
any given longitudinal.distance, has been discussed in
detail in seetion on "Velocity De;aya.

-

Length scale b, ‘
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‘Pani (19721 has shown that there is considerable
difficulty in obtaining a general eqguation for the line
representing the growth of the transverse length scale,
b,. for the case of an infinite tailwater but he did

obtain an equation that fits the data reasonably well

e
"

o

g ]

™
N

where z,=width of the nczzle
For a varying tailwater Eq 4.9 can be written in a

more general form:

b, = dbz
3

N
L=
QN

(4.10)

N
NN

ﬂhereréifthe intersect of the z axis when x=0

K When b, versus x was plotted in a ﬁaﬂ-dimeﬁsi@hEI
Li}fﬁ':;u*rfﬂ (Appendix B), the gr@uth'was found to be linear and
the values for db,/dx and b,/zo ~were calculated for
each run. Unfortunately there were only a few values for
both the parameters. However the change in db,/dx should
be related to the expaﬁsian=§f'the jg%; investigated in

~part 1. Using a factor of 2.50, as discussed in Part I,

'to reduce the curve given ir fig 4.6, it was found that
the values of db, /dx obtained lay above the curve but

within the range of values shown in fig 4.6. When a
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- value of 2.25 was used t@ﬂhgduce the curve. the data lay

about it and are shown in éjgure 4.2%1ar. For the

varv of 52"2 there was no additional information
to § e the development of an accurate curve.

Therefore the line shown in Figure 4.21(b) is only a
' possibility for its true location but until more
information becomes availabie it can be used aé:a first

estimate.
Centreline Bed Shear Stress

If~was shown in chaptgr_z that the bed shear stressi
1o .Was a fuhction of the Reynolds number. This factor
brings added complications inta any anaiysis anag therefore
" the results presented here can only be regarded as a .
preliminary investigation of sheargstreés! Tﬁe measurements
made.of the shear stress are presented in Appendix 8. For
runs 7 to 10 the Reynolds number is of the same order of

magnitude and can therefore be regarded as a constant .

Defining the local skin friction coefficient as

F = Tmo ’ (4.11)

— ?
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Some interesting observations can be made by plotting
the coefficients in a suitable form. From Figure 4.22(at it
can be seen that for lower tailwater runs (6.10', the
vaﬁiafién in the local coefficient, Ce. i5=naf as
significant as .for the deeper EUﬁs {7.8). It is also
interesting to note that close to the nozzle the coefficient
is higher for fhe low tailwaters, indicating a greater shear
stress and therefore greater turbulence. which agrees with
the observation of a sﬁarter potential core. Figure'4.22fb\
shows a more conveniengypiot as it avoids the necessity of
finding the iacal maximum velocity. This plot shows that the
centreline bed shear:stress decays more slowly as the
tailwater isrreduceﬂ; this again agrees with the results of
‘the investigation into the velocity decay. The results
obtained from runs 7 to 10 lie well above the curve given by
Pani(1972) but this is due to the much larger Reynolds
numbers used in Pani’'s work. The Reynolds numbers in runs 11
and 12 are of similar order to those of Pani(1972) and it
can be seen on Fig 4.22(b) that the coefficients of skin=
friction are in the same range as thasedabtainea by Pani,
however the shear stress decay is still less than the
-infinite tailwater case.

Dimensional predictions indicate that the shear stress

should be inversely proportional to the square of the

-,
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1@ﬁgitudinai distance. Iﬂ,aﬁ attempt to prediét'the
variation of shear stress decay along the centreline with
different tailwater depths, the ratio of the initial shear
stress to the local shear stress | T, o/ Tpq | Was picttéd
against tﬁe square of the distance (x2y. Although these
relationships were linear., as predigted, when attempts
(similar to those far the velocity decay) were made to
relate the variations in slope and virtuaf origin to the
change iﬁ;?ai1water depth no correlation was apparent. The

results of the attempt are presented in Appendix B.
Transverse Shear Stress

~ 4n elementary study of the traﬁsverse_sheaF stress was
made but some useful results can hevabtained-Fr@é tﬁe?’
measurements. When the shear stress profiles were plotted
they appeared very similar to the velocity profiles '
discussed earlier. Defi%ihg the half length, b*. as the
distance from the central axis to where the shear stress is.
reduced by half and using the maximum local shear stress as
the shear stress scale. it was possible to reduce all the
measured profiles onto one diﬁ;nsi@ﬁless curve. Therefore
the shear stress profiles can be said to be similar. As
before, with the similar transverse velocities, the error

function defined by Eq 4.8 but now rewritten as

a2 *
, -0.693(Z/b ) .
;@ = e (4.13)
T



des;ibes,tﬁé curve well. in-this case the data lie only
,siightly'abaye the error function c curve for distances
‘removed from the central axis.. Flgure 4 23fat and b show a
typical transverse shear stress profile. while Figure 4. 24

‘'shows the collapsed similar profile.
Length scale b

Appfgachiﬁg the length sca1é iﬁta similar manner to
the anéiysislgdcgted for the velocity 1ength scale.b
'was plotted against x in a convenient non-dimensional

form. éTfhaugh the 'number of points for each graph was
very limited , it could be said that the plots apﬂeared

. +
linear. Writing the' equation of the line as

b b* *
b - = b + db x A
- : 2 X (4.14) ¢
i f; Z: dx z4
’ "

1_ ®

where ;%zgr ient
b

intersect QF Tine on tpe Z axis
It was possible to éE}a1ﬂ estimates for the values of
db/dx and b° /z, for each run. Pani (13721 gave the
~approximate values for infinite tailwater as cbdx=0.09
and B z0. When the data is correlated with the tailwater

to nozzle height ratio the trends become apparer\t. For
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the variation of the gradient..fhe correlation to the
change in tailwater is quite good and giégngle curve can
be drawn with some confidence.'Unf@ptuﬁately the |
variation of b’ /z, with the tailwater is not so well:
defined, although a trend is obvious and a curve can 52
drawn that will serve as a useful first estimate. Figure = -
4. 2503 aﬁd {b) show the two relationships. As discussed
earlier the variation of the shear stress length scale,

T

mo * Das not been successfully found.

Summary

From experimental observations of EiofFAwali jeis.Qif

L

: has‘been found that both t'hé vertical and transverse
‘velocity profiles are similar. It was also found that the
transverse velocity profi]é agreed fairly closely with the
error function curve. The length of the pﬁtéﬁﬁiai core was
affected by the tailwater depth and the variation was \
plofted in a convenient form. If adjustment was made for the
potential core length, it was found that the centreline
velocity decayed at a slower rate for shallower tailwaters.
The maximum velocity decay was found to be inversely
proportional to the distance me;sur d from the virtual
origin. The change in the velocity decay rate and the change
in the position of the virtual origin due to the change in

tailwater depth was presented in a convenient form. The

length scales for both the vertical and the transverse
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velocity profiles were found to be linear and dependent on
the tailwater. The equations of both lines were correlated
to the tailwater depth. A pré?imiﬁary investigation of the
shear stress indicated thét the centreline shear stress
decay was reduced as the tailwater depth became smaller and
thét the transverse shear stress profile was similar. The
shear stress lengthrscale in the transverse dirégtigﬁ was
shown to be linear and that the equation of the line was

dependent on the tailwater depth.



117

C. PART IIl EROSION STUDIES

Introduct ion

This se:ii@ﬁ presents the ®esults of a preliminary
study made investiggtiﬂg_the effects on the three
dimensional wall jet with a finite tailwater when the bed is
allowed to scour. The shape of the scour hole is

‘iﬁvestigateﬁ and shown to be similar.
Review of Existing Work o .

Rajaratﬁaﬁ_aﬁd Berry {1877, carriéﬁycut studies of fhe
erosion caused by cir:ularrturbuiéﬁt wall jets on the beds
of Iécse sand and polystyrene particles. The experiments
were conducted in both air and wateri'aﬁd had an infinite
tailwater. Rajaratnam and Diebel (1981) extended this work
to turbulent circwlar wall jets with low tailwater and/or
narrgw'chaﬁnai width. The results obtained indicated that
the erosion in air behaved somewhat differently than the
erosion in water. It was also shown that the scour hole
could be collapsed onto a single curve provided the correct
scales were used, h@ﬁever the observations indicated that
the deposition ridge needed different scales in order to
obtain similarity. Rajaratnam and Berry (1977 defined two
states of scour, the evolution and the asymptotic states but

in both states the scours were similar and that the

t




‘Rajaratnam and Macdougall (1981) investigated the erosion-
caused by plane turbulent water wall jets with minimum
tailwater énﬂ were also able to show that the scour hole
profiles was simitar. In all the studies mentioned the

particle size mean diameter was of the order of fmm.

Exper iments

=2

A series of nine runs were made in the lake model
described in chapter 3. Each exéeriméﬂt was allowed to run
for a considerable length of time, at Iéast 18hrs and
Qccasiaﬁa1iy for 56hrs in order to ensure that the
asymptotic state was reached. The tailwater depth remained
constant for all the rﬁhs. at a depth of 3.1cm but the
outlet velocity was vafied from 6.88cm/s to a maximum of
40.4cm/s. The important “flow parameters are gfv3ﬂ in table
4.3. |
A photographic study was made of the jet expansion and the

centreline scour hole profile was measured.
Results and Analysis

Photographic observations
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Table 4.3 Important Flow Parameters

Uocm/s y,cm
23.2 3.1
18.8 3.1
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From the photographs obtained it was‘péssib12'{é
measure the jet expaﬁsfaﬂi Qualitively it may be said
that whéﬂ the jet enters the scour hole a great deal of
turbulence occurs and the jet loses momentum. The jet ' -
then spills out over and around the region of the |
depésitiaﬂ of scoured material and gpﬁear§.win m@st;_
cases. to expand linearly. Plates 4.13 and 4.14 show two
runs, one of very little scour and the other with |
.considerable scour. [t may be passib?é that the
expansion of the jet. after leaving the 'scour hole,
couid be analysed as a slender wall jet with a shallow
tailwater but because there appears to be nc iﬁfcrmatian‘
availabble on the jet expansion for SIEﬁdgr wall jets
‘with a shallow tailwater and because the observations
presented here are limited, nd attempt is made at
predicting the expansion\(refer to Appendix C for plots

and details of data).
Scour hole study
Referring to Figure 4.26 for the definition of the

symbols used, the centreline asymptotic scour hole

profile was measured and the results presented in Figure

4.27 . The asymptoti¢ or end state is virtually a steady =

state, although there are occational bursts of
turbulence within the scour hole. From Fig 4.27 it can

be seen that the scour holes appear to be of a similar
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shape. Using the ma X | mum er@déd depth. €me . as the depth
length scale aﬁd the distance to the point of maximum
erosion. x.,.as the longitudinal length 'scale, it was
found fhat the scour hole profiles collapse onto a

" single curve, Figure 4.28. It will be noticed that run

&Ps not fit the collapsed curve very well. Run 54
only had a Reynolds number of 3,565, which was the
lowest for all the runs® and it may be that the jet was
not fully turbulent but in the transition range. As can
be seen from Fig 4.28 the deposition ridge behind the
scour hole did not become similar using the stated
length scates. This waé not unexpected because this fact
had been ﬁéticed by other investigators. Due to the
preliminary nature of the present study, no attempt was

made to find convenient scales for the ridge.

Following the analysis presented by Rajaratnam and
Berry (1977} for the variation of the length scales:
Considering €m.. it could be written

e s %‘[uﬂ, Yorypes Do Gu 80, v.B.Zg] (4.15)
where 8p is the difference between the mass density of
the bed material and that of the fluid , g is the
acceleration due to gravity, v is the Kinematic

viscosity, B is the width of the lake model and D is the
mean diameter of bed material. Fur the present study

D=0.11mm and the specific gravity of the sand was 2.65.
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Using Buckihghqms Pi theorem Eq 4.15'redUCeé to

tne = 1 Yo, Y%, Yo, % % % (4.16)
- gbap/c v D omB o '

for ,.suf,i‘.i;igntly.larée Reynolds nw'befs"i{,b , the
- effects &f viscosity can be ﬁgnofed. The tailwater depth
is approxiﬁately equal fo the outlet depth and the
nozile is bluff,,thereforevx:/zoand Yo/Y, can be dropped
from,Eq.4..1-8. 4Also the width B is very ‘large compared to
the*outletvdepth and defining the densimetric Froude

number., Fyq . as W , then Eq 4.18 reduces to.

<

Emen- - fs-[Fd’ __'g_] SRR ¥ % ¥ ) B
v ) |
0 . i

it has been found by the other investigators that Eq -

4.17 can be simplified, providing that y; /D is large, to
€ = f F ' : ( |
me = fa(Fq) . (4.18)

The longitudinal length scale, x., can be predicted
in a similar manner

X T fe ( Fd) (4.19)
; ,
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When the two equations 4.18 and 4.19 were piotted
it was Fgundi,ngure 4.29'a) and 'b), that the points
described reasonably well a straight line. The variation
of can be adequately described byrthe ﬁiﬁe given by
Rajafafnam and Diebel (1981) for a finite taiiéatEF but
unconstrained width. However the iongitudinal scale has
more scatter ané lies below fhe curve obtained by »
Rajaratnam and Diebei(isétyi although it is possible té;i
draw a strgigét=1ine through the observed data.

Summary

It was shown that tﬁe_expaﬁsignréf the jét was seve?e?y
affected by the presence of a scour égie. The scour hole
centreline profiles were shown to be similar and that the
length scales correlated well with the densimetric froude

ngmber.
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V. CQNCLUSiDNS AND REéﬁﬂHENDATIDNS FOR FURTHER STUDY
A. Conclusions

Using theoretical considerations, it was conc luded that
the theory of three dimensional turbulent bluff wali Jets-
with infinite tailwater dépth could be applied to biuff wall
jets with limited tailwaters under certain circumstances.
The theory did not apply when the tailwater was less than -
égpr@ximat&?y one and one tHird times the outlet height. For

tailwaters greater .than one and one third times the outlet

héight but less than approximately four times the nozzle
height the theory applied for a I{mited streamwise distance.

From éxgerimgﬁtai studies made of t%e flow, it was
found that the jet expansion was dependent on theftaiiwat,
depth. For very shallow or no tailwater conditions the jet
expansion was also déﬁéﬁdent on the Froude numbér but when
the tailwater to nozzle height ratio was greater than C.6
the variation with the Froude ﬁumberbbecame insignificant.
The vertical and transverse velocity profiles were similar
in the fully developed flow and the vari;tieh of fhe
respective length scales were functions of the tailwater
depth. The surface velocity was dependent on both the
tailwater depth and the downstream distance from the nozzle. ‘
It was also found that the potential core of the jet was

shortened by reducing the tailwater., it was also observed

that the expansion of the jet in the ver‘ical plane was

129
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to non-dimensionalise the longitudinal direction enabied the
decay of the maximum velocity to be correlated in a suitable
form, utilisiﬁg the virtual origin. The maximum velocity
decay was found to be reduced for lower ﬁaiiwater depths.
Shear stress measurements along the centreline indicated
that the shear stress decayed at a slower rate as the

tai lwater was reduced. The transverse bed shear stress
profiles were found to be similar and that the length scale
was linear but a function of the tai?wataf,'giementary study
of the bluff wall jet with erosion showed that the jet
expansion was severely altered by the presence of a SEéUF
‘hole but that the scour holes were similar and that the
length scales varied Ijﬁearly with the densime;ri; Froude

1

number: .

B. Recommendations for Further Study R
‘During the course of this study the lack of know 1 edge
about finite tailwater condjtions became very obvious and

this study only answers/ the problems arising from_a very
1imi ted field of é:g?%ratigﬁ. Ta understand the flow under
varying shai1cw‘téiiwater conditions the fD]]@wiﬁgthpiES
are recommended for future study.

1)A detailed investigation of bluff wall jets, for all

tailwaters, at distances far from the nozzle,.
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2)Measurements of the traﬁSVEfse’VE]gcities and the
turbulent characteristics of the flow.
3)Detailed investigations into the cases of no tailwater and
very low tailwater, including pressure distribution
measureménts. '
dilﬁveétigatiaﬂs of the effects on the bluff wall jet due to
bed roughness and/or a downstream channel of limited width.
S )More experimental observations on the bed shear stress
‘under vafying tailwater conditions and bed roughness.
S)Iﬁvestigatigﬁs into the expaﬁsi@ﬁ of the jet and ihe scour
produced by the bluff wall jet issuing tangentially to an
erodable bed under varying tailwater depths and channel
widths.
“7)A compiete detailed study of thE difFQSiEﬁ characteristics
of a slender wall jet with variations of taiiwater. and . the
effect of side walls on the slender jet. Especially the case
when the tailwater is equal to the outlet depth. which can
mode! the river flow into a lake. |
B)Investigétians into the effe:t of finite tailwater
‘conditions on the diffusion of the plane jet.

‘ isig from 7, investigations of a surface Jjet entering a

fluid with a severely limited depth,

10)Investigations of the effect on the diffusion of the
turbulent jet due to cross currents in the shallow
tailwater. ’ |
111411 of the above but with a jet of different temperature

or density than that of the ambient fluid.
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APPENDIX A - Experimental Data on the Transverse Expansion
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Table A1 Significant Expansion Results

Set Upcm/s Nozzle

1 a 947
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Set Upcm/s Yy /Yo tane Nozzle

4 h 137.0 0.78 0.0 “sm. rect.
4 94.7 0.82 0.08
X 89.3 0.84 0.08 3

4 k 89.3 0.84 0.06 .

41 v 86.5 0.85 0.05

4m V36, 1 0.86 0.18 - round

4n 102.3 *B §.90 0.07 |

4o 135.0 0.94 0.08 .

4 p- 113.8 0.98 0.155 ;

5 a 92.0 . 1.02 0. 145 i
5b 92.0 1.06 0.115

5 ¢ 86.5 1.08 0.10

5 d 92. 1 1.17 0.14

5 e 1 89.3, 1.23 0.135

5 f 74.0 1.23 0.21

5 ¢ 83.5° 1.36 0.17 .

5 | 181.0 1.42 0

5 i 132.4 1.5

5 256. 1 1.5

5 K 99.8 1.61 0.16 o
5 1 92.1 1.72 0.20

5 m 92.0 1,78 0.215

5 n 70.6 1.85 0.22

5 o 83.5 1.96 0.22
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(8] (4] n (8] [84) [8)) (8] m (6] (8] (6] w (8] w . m (8] (6] (8] (8]

am

ag -

Upcm/s

939.8
249.4
158.0
86.5

109.0
" 80.5

97.3

92.1"
83.5 -
130.6
107.0
228.5
67.0

79.0

178.0
109.4
74.0

70.6.
130.6
224. 1

- 77.3

59.1
77.4

N

NN N NN

5 B OB OB OB BE W W W WWNNND NN
o0 : A . .

o o o o () (@) o o o (] o o Q o o o, O o O (an]

tane
19
.23
.22
.27
.20
.24
.25
.26
.21
.31
.24
.29
.23
.26
.23
.24
.23
.36
.21
.25

0.25 ...
0.215 -

0.21

A22
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sm. rect.

sm. rect.

round
round

sm. rect.

sm. rect.

round
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Set

Ut
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an

‘ao

ap
aq

ar

as

at

au

av .

aw
ax

ay

Ugcm/s

74.0
217 .4

77.4

127 .8
144 .2

11.1

4.0

23.
18.
32.
23.
22.
13.

4.6
'8.2

©O © OO 0O © © ©O © o0 o o o

.235
18
19
21
18
.18
18
7

.16
.14

A23

Nozzle

round

round

Lake



A24

Set Uﬁszs, Yo /Yo tane ’ Nozzle
6 m 2.3 1.0 0.17 .
6 n 15.3 1.0 0.15
o 32.5 1.0 0.2
€0.184
7 a 3.44 1.0 _0.18 |
7b 6.4 1.0 0.195
7 ¢ 1.79 1.0 0.26 )
7 d 6.0 1.0 0.26
7 e 2.3 1.0 0.20
7 ¢ 4.0 1.0 0.20
7¢g 8.6 1.0 0.14
00.20

. % unless otherwise noted the nozzle is rectangular.
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Figure B1 Proportionality of velocity decay
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Figure B2 Vertical length scale -
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APRENDIX C - Jet with Scour data
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