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Plane Turbulent Wall Jets in Limited Tailwater
Depth

Shazy A. Shabayék

Abstract— This paper presents laboratory study of plane
turbulent wall jets with finite tailwater depth. Th e main objective
was to show that there is a distinct difference beteen the
behavior of wall jets with relatively shallow and tose with
relatively deep tailwater depth ratios. A set of si experiments,
with tailwater depth ratios varying from 5.3 to 20, were
conducted to observe and quantify the growth of thevall jet, the
decay of the velocity scale and the variation of thvolume flux,
and momentum flux. The results from these experimes were
compared with previous studies with relatively deeer tailwater
depth ratios. This study contributes to an understading of the
behavior of plane turbulent wall jets when the ambént fluid has a
limited extent.
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I. INTRODUCTION

Athickness b and uniform velocity § issuing from a
rectangular slot tangentially to a flat plate sulged in a
semi-finite expanse of the fluid (see Fig. 1). Asrs as the jet
leaves the slot, a shear layer develops on the $lidie while a
boundary layer develops on the wall side. The seait which
the two layers meet is the end of the potentialecand
downstream of this section the flow is developec
Experimental observations of the variation of tRialavelocity
u(y) with y, at different x-stations, showed thhae tvelocity
profiles have the same shape at the differentosimtiThe data
of [6] showed that, at any x-station, the axialoedly u
increases from zero at the wall to reach its marimalue ,

the momentum flux will be preserved [1], [12], afidi]. In
some experimental investigations [7], [8], [9] dAd], it was
observed that the momentum flux decayed to somenext
large distances from the origin of the jets. [10kerved that
the momentum flux could decay to about 80% of titathe
source, at a longitudinal distance equal to 19Gob plane
turbulent jets, wherehis the slot width. [10] attributed this
loss of momentum flux to the negative momentumiedrby
the entrained fluid which approached the jet ataagle of
abouttv4 rad. from the forward direction of the jet. Bdsmn
an approximate integral analysis, [10] developece@uation
to describe the variation of the momentum flux witre
longitudinal distance from the nozzle producing jee [15]
attempted to explain this decay of momentum flux by
combining analysis of the jet with the flow in thiegion
surrounding the jet. [15] coupled the jet and tduced outer
flow through momentum and volume balances.

classical wall jet, as defined by [12], is a jet of

; Developed Flow Region
Flow Region
Fig. 1 Definition sketch of plane turbulent walt je

(Ead and Rajaratnam 1999)

at a distance of y & and then decreases to reach zero at large[16] studied the variation of momentum and volureds

y. The boundary layer is the region between y ;@ w=20.
The region above the boundary layer is known asfrie-
mixing region. To check for the similarity of theslacity
profiles, the maximum velocity,44 was chosen as the velocity
scale and the length scale b was taken as thendéstabove
the flume bed, at which the axial velocity u = Q,%unddu/oy

is negative. Using the experimental observation§6hf[12]
found that the velocity profiles were similar.

For turbulent jets discharged from slots or or#iée walls
into large ambients at rest, it has been genesadyimed that
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as well as the growth of plane turbulent surfacs jeith
limited depth of tailwater. [16] conducted 10 exp®nts to
study the effect of the finite depth of tailwaten dhe
characteristics of the surface jet and to obsdreevariation of
the momentum and volume fluxes and the breakdowthef
surface jet due to the limited depth of the ambi§h®] also
used the experimental results of [17] and of [I3jeir results
showed a momentum decay and a breakdown (or \@riati
from that of jets in infinite ambient) in the veitycand length
scales due to the jet confinement. Recent investiga by [2]
and [4] have shown that the decay of the momentum i
significant even for relatively large tailwater eaedistance of
300-900 slot widths.

[5] investigated, theoretically and experimentaljylane
turbulent wall jets with finite depth of tailwatefroude
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number used was in the range of 4 to 8 and theatel depth
ratio ranged between 25 and 50. It was observed the
momentum flux of the forward flow in the wall jeechys
appreciably with the distance from the nozzle. figntioned
that the momentum decay was due to the entrainofetiie
return flow, which had negative momentum that resglia
depression of the water surface near the gate rhptisé slot.
The growth of the wall jet, the decay of the vetpacale, the
variation of the volume flux, momentum flux, ane flength of
the surface eddy were also studied by [5].

This study contributes to an understanding of takabior
of plane turbulent wall jets in limited tailwateregth. It
presents the results of an experimental investigatif plane
turbulent wall jets with tailwater depth ratios etjio 20 or
less. It was thought it would be interesting anefuisto
compare the behavior of such jets with relativetal®wer
tailwater depth ratios, with past studies with tigkly deeper
tailwater depth ratios.

Il.  EXPERIMENTAL SETUP AND EXPERIMENTS

Experiments were conducted in a rectangular flufnthe
re-circulating type, 0.15 m width, 0.30 m depth &d5 m
length, with 13 mm thickness clear Plexiglas sided a bed
made of steel covered with plastic sheets. All expents
were performed on a horizontal bed. A single-leafd gate
with a streamlined lip was used to produce a sujpiea
stream with a thickness equal to the gate openigg,A
tailgate, installed at the downstream end of thené, was
used to control the tailwater depth. The head teark 0.332 m
length, 0.150 m width and 0.765 m depth, with Rjia8 sides.
A metal tank, located under the flume, 0.30 m wid5 m
length and of variable depth from 0.47 to 0.67 raswised to
collect outflow and a centrifugal pump dischargedack into
the flume. Two valves were used to control thelthsge.

Six experiments were conducted and the primaryildet&
these experiments are shown in Table 1. Two exgerisnwith
tailwater depth ratio equal to 50, from [5], arsaaincluded in
Table 1. A Prandtl tube with an external diamete8.6 mm
was used to measure the time-averaged longitudéiatity u
along vertical sections at different longitudingtences from
the opening producing the jet. The Prandtl tube ewamected
to a manometer board fixed on the side wall offiinme. All
the measurements were taken in the middle thirtheflume.
In these experiments, the tailwater depth ratiovas in the
range of 5.3-20.0 and the Froude number was inahge of
3.0-8.0. The Reynolds number of the jet was inrdrgge of
9,500-25,200.

I1l.  EXPERIMENTAL RESULTS

Fig. 2 shows a typical velocity field for a wallt je shallow
tailwater depth (Expt. 4) along with the water agg profile.
Fig. 2 shows the velocity profiles only in the famd flow as
the tailwater depth is relatively shallow and theface eddy is
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quite limited. Velocity profiles are drawn for x/tsarying from

8 to 100. In Fig. 2, y is the vertical distance \abdhe bed.
Also, Fig. 2 shows a drop in the water surfacén@icinity of

the gate for x up to 30 cm followed by a rise ie thater
surface for x in the range of 30-60 cm. It is uistieod that the
depression in the water surface profile and heheewater
surface back slope are responsible for the re\flense

Table 1. Primary Details of Experiments

Expt. | bo(cm) | Uo(m/s) | Fo | yi(cm) | n=w/b, Rn
@ @ (©) @ 6 (6) ™
1 1.0 0.95 3.0 5.3 5.3 9500
2 1.0 1.24 4.00 200 20.0 12400
3 1.0 1.25 4.00 50.0 50.0 12500
4 1.0 1.88 6.00 10.0 10.0 18800
5 1.0 1.88 6.00 15.0 15.0 18800
6 1.0 1.88 6.00 20.0 20.0 18800
7 1.0 2.52 8.00 20.0 20.0 25200
8 1.0 2.50 8.00 50.0 50.0 25000
“[5]
Expt. 4 F,=6.0 n=10.0
124 tailwater
10113 e
g a
< 64 1_m/s
4]
2]
0
0 20 40 60 80 100

x(cm) 120
Fig. 2
Velocity fields of wall jets in limited tailwatemn(= 10.0)

16\/\4 Expt. 8 K =8.0 n=50.0 tailwater

B0 e .

RIS Y

0 20 40 60 80 100

120 140 160 180

200
X (cm)
Fig. 3
Velocity fields of wall jets in limited tailwatemn(= 50.0)

Fig. 3 shows velocity profiles for Expt. 8 [5]. Ithis
experiment the tailwater depth ratijois 50 and the relatively
deep tailwater allowed a much longer and deepey add the
reverse flow could be captured for a distance xocup00 cm.
It can easily be seen that the wall jet in thetheddy deeper
flow is well-defined for x up to 200 cm while ingtshallower
flow the wall jet could be observed for x up toy#l0 cm.
Also, it is clear that the wall jet expands muchktéa in the
shallower flow than in the deeper one. These diffees
showed that the conclusions of [5] for wall jet shallow
tailwater should be revised for wall jets in relaty shallower
tailwater.
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To check for the similarity of the forward flow oality
profiles, the maximum velocity ,u at any x-station was
selected as the velocity scale while the lengthab selected as
the length scale where b is equal to the verticsthdce above
the bed y where u is equal to half the maximum aiglcand
du/dy is negative (see Fig. 1).

Typical velocity profiles in the fully developedofl region
(x/b>12) are shown in Figs. 4 and 5. Fig. 4 is for EXptr, =
6.0 andn = 10.0) and Fig. 5 is for Expt. 8{E 8.0 andn =
50.0). Figs. 4(a) and 5(a) clearly show the wallfgatures.
Figs. 4(b) and 5(b) show a similarity profile witl, and b
chosen as the velocity and length scales, resgdgetiin Fig.
5, although some velocity profiles were taken féiy, % 140,
these profiles were excluded as they were somediffatent
from those shown. A comparison between the twordéigu
Figs. 4 and 5, shows that for the greater tailwdtgth ratio
(n = 50.0) the velocity profiles show better similgriand
conform more with the classical wall jet than thealkwer
depth ratio § = 10.0).

9
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Fig. 4 Velocity distribution in the developed flqwb>12)
(a) Typical velocity profiles (Expt. 4);
(b) Similarity profile (Expt. 4)
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(a) Expt. 8
Fo=8.0 n =50.0

(b) Expt. 8
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Fig. 5 Velocity distribution in the developed flqwb>12)

(a) Typical velocity profiles (Expt. 8);
(b) Similarity profile (Expt. 8)

All Experiments
similarity profile

35T
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Fig. 6 Consolidated non-dimensional graph for thleeity

distribution in the wall jet
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Fig. 6 shows a consolidated plot of all the dateatlie eight
experiments. A study of the profiles shown heraldsthed
that, except for the far-field velocity profileseés Fig. 3), the
velocity distributions are similar. The similaripyofile follows
that of the classical plane turbulent wall jet gxtcaear the
upper end of the profile, where it shows a lineatribution.
This deviation between the similarity profile ofettpresent
data and that of the classical wall jet profilgp@ssibly due to
the interaction between the forward and backwardidl This
interaction is more profound for the shallowervtaiter depth
ratios and gives a greater deviation from the @taksvall jet.
—=—Expt. 1
—O—Expt. 2
—*+—Expt. 3
—o—Expt. 4
——Expt. 5
——Expt. 6

—e—Expt. 7
—o—Expt. 8

Fo=3.0n=53
Fo = 4.0n = 20.0
Fo =4.0n =50.0
Fo=6.0n =10.0
Fo=6.0n =150
Fo=6.0n =20.0
Fo =8.0n =50.0
Fo =8.0n = 50.(

(a)

Um (M/s)

t t t
0.3 0.5 0.7 0.8
= Bptl
o Bxpt.2
+ B3
o Expt4
4 BXpt5

="

Fo=30,n=53
Fo=4.0, n=20.0
Fo=4.0, n=50.0
Fo=6.0, n=10.0
Fo=6.0, n=15.0
Fo=6.0, n=20.0
e Expt.7 Fo=80,1=200
o Expt.8 Fo=80,n=50.0
= = Classical Wal Jet

1.0

081 :
Classical Wall Jet

Ug=3.50/(x/kp)**
sl Uy (x/ky)

um/Uo

0.4+

021

0.0

20 40

Fig. 7 Variation of the maximum jet velocity witlsthnce
Having found that the velocity profiles in the fawd flow

are similar, it is necessary to study the variatibthe velocity
scale y, and the length scale b with the distance x. Fg) 7
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faster decay. Fig. 7(b) also indicates that theuéieonumber
does not have a significant effect on the velodédgay.

= Expt. 1
o Expt. 2
« Expt. 3
o Expt. 4
A Expt. 5
a Expt. 6
o Expt. 7
o Expt. 8

Fo=30,1=53
Fo=4.0, n=20.0
Fo=4.0, n=50.0
Fo=6.0, n=10.0
Fo=6.0, n=15.0
Fo=6.0, n=20.0
Fo=8.0, n=20.0
Fo=8.0, n="50.0
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Fig. 8 Variation of the jet half width with distamc

The growth of the length scale of the jet (or tladf-idth
b) with distance is shown in Fig. 8. This figursalconfirms
the clear distinction between the behavior of thallew and
the deep wall jets. The growth of the jet half-Ridwith
distance for the shallow tailwater depth ratigs<5.3, 10.0,
15.0 & 20.0) is rapid while that for the deep taiter depth
ratio (1 = 50.0) is slower and conforms more to the cladsic
wall jet relation. Further, it is found that theobide number
does not have any significant effect on the groefthhe jet
half-width.

For all the experiments, at every section whereacii
observations were made, the forward flow rate Q #ral
forward momentum flux M per unit width were caldeld as
the sum of the fluxes through thin strips. Fig. fbws the
variation of the relative discharge Q/@ the wall jet with
distance x/ly (where Q is the discharge at the slot). A study of
Fig. 9 shows that, the behavior of jets with shalkailwater
depth ratio is different from that of the deepeis.jdn the
shallow jets iy = 5.3, 10.0, 15.0 & 20.0) the relative discharge
increases with relative distance at a rate grehgar that of the
classical wall jet up to a certain section and thexreases
rapidly until it eventually reaches the value ofSkecondly, as
the tailwater depth ratio increases, the maximutaevaf the

shows the decay of the maximum velocity with therelative discharge increases in value from 2.0rfor 5.3 to

longitudinal distance from the slot. The maximuntoedy at
the slot was varied from 0.95 to 2.52 m/s apdvas measured
for x up to about 0.8 m. Fig. 7(b) shows the deo&yhe
maximum velocityu,, at any section in terms of the velocity of
the jet at the slotyJ,, with the normalized distance from the
gatex/b,. The decay of the maximum velocity for the claakic
wall jet is also plotted for comparison. Figure )7&hows a
clear distinction between the decay of the maxinuatocity
for the shallowif = 5.3, 10.0, 15.0 & 20.0). and the degp=(
50.0) tailwater depth ratios. For shallower tailvatdepth
ratios, the decay of the maximum velocity is rapitd the
variation of y/U, with the normalized distance x/Is almost
linear. For the deep tailwater depth ratios the imam
velocity decays slowly and the variation of thgUy, with the
normalized distance x§lollows that of the classical wall jet
up to x/y is equal to about 160 and then deviates to sho
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about 3.0 fom = 20.0. Moreover, the longitudinal distance, at
which this maximum relative discharge occurs, iases with
increasing values of]. For the deep jets, they appear to
conform better to the trend of the classical wallsj The
relative discharge increases with relative distasicthe same
rate as the classical wall jet and then deviatemfit at a
distance x/pis equal to about 80. Once again, the effect ®f th
Froude number on the variation of the relative ltsge with
the relative distance is insignificant while thelyormportant
variable is the tailwater depth ratio

[5] showed that the momentum flux in the forwardwfl
region of the wall jet is not preserved and mergtthat the
wall jet could lose a substantial portion of itsmentum flux
as it travels downstream when the tailwater deptrelatively
shallow, because of the entrainment of the re-Gitmg flow

\ith opposite momentum. Fig. 10 shows the variatbrihe
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normalized momentum flux in the forward flow of thall jet
with the normalized distance from the slot for elifint
tailwater depth ratios and different Froude numbe&ig. 10
confirms the distinctive difference between theawédr of the
relatively shallow and the deep jets. Fig 10 shdves for the
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component and causes the rapid increase in bottiishbarge
and the momentum flux. In case of deeper jetsdbs 0f the
momentum flux may be attributed to the negative iatonm
carried by the entrained flow which approachesjéteat an
angle from the forward direction.

shallow jets i§ = 5.3, 10.0, 15.0 & 20.0), there is a rapid

increase in the momentum flux in the forward flow 10 a
certain section and then the momentum flux decagglly to
less than about 20% of that at the source. Secpmadlythe
n increases the decay is less rapid as M/daches its
minimum value at longitudinal distance of about 3fily n =

IV. CONCLUSIONS ANDRECOMENDATIONS

For turbulent wall jets in limited tailwater depihhas been
shown that there is a distinctive difference betwdbe
behavior of the jets with relatively shallower velter depth

5.3and at about 8Qfor n = 20.0. For the deeper jets on theatios and those with relatively deeper tailwateptth ratios.
other hand r{ = 50.0), there is no increase in the momenturhhe experimental results showed that for the jeith w

flux of the forward flow near the slot. The momeantéiux is

preserved up to a longitudinal distance of abou, 8Bd then
it starts to decay. Further, Fig. 10 shows thegmfcance of
the Froude number on the variation of the momerftuxwith

the relative distance.

Classical Wall Jet

Q/Q4=0.35 (x/k)°*®
\ — Expt. 1 Fo=30n=53

-
P Expt. 2 Fo=4.0n=20.0

-

o Expt. 3 Fo=4.0n=50.0
Expt. 4 Fo=6.0y=10.0
Expt. 5 Fo=6.01=150
Expt. 6 Fo=6.0n=20.0
Expt. 7 Fo=8.0y=20.0
Expt. 8 Fo=8.0y=50.0

= Classical Wall Jet

e > > 0o ¢ 0w

Fig. 9 Variation of wall jet discharge with distanc
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Expt. 2 Fo=
Expt. 3 Fo=
Expt 4 Fo=
Expt. 5 Fo=
Expt. 6 Fo=
Expt. 7 Fo=8.0,n=20.0
o Expt.8 Fo=80,1=500
~ Classical Wall Jet

30,n=53
4.0,1=200
4.0, 1=50.0
6.0, 1=10.0
6.0, 1=150
6.0, 1 =20.0

-
®
e > 0 e 0w

1=20.0

1=10.0

.
=5.3
! 150

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Fig. 10 Variation of wall jet momentum with distanc

The difference in behavior between the shallow deep jets
regarding the variation in the momentum flux anel telative
discharge of the forward flow with longitudinal tfiace can be
attributed to the effect of the entrained flow whipproaches
the jet with an angle. In case of shallower jdts,surface eddy
at the slot above the jet causes the entrained tthompproach
the jet at a small angle to the horizontal from Haekward
direction. This creates a significant positive matoen
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relatively shallow tailwater depth ratios the decaly the
maximum velocity is more rapid than that for theepler jets
and the variation of the normalized maximum velpuiith the
normalized distance is linear. Further the expentaleresults
showed that for the shallower jets the relativecliisge
increases with the normalized longitudinal distanpeto a
maximum value then decreases rapidly to a valuk @it the
end of the surface eddy). For the deeper jets, réfegive
discharge increases at a much slower rate. Thendtist
difference between the shallow and deep jets wase mo
profound in the variation of the momentum flux loé tforward
flow with the normalized longitudinal distance. Fohe
relatively deep tailwater depth ratios, the momentwas
preserved for some distance and then started taydat a
longitudinal distance of 0.8@bThe study showed that for the
shallower jets, the momentum flux increased rapitlya
maximum value before it started to decay and theayle
occurred rapidly as well. Furthermore, the studgvatd that
the Froude number has an insignificant effect andacay of
the maximum velocity, expansion of the jet half-thidhe
variation of the relative discharge and the momantiux. On
the whole, the results of this study highlight significant
effect of the tailwater depth ratio on the behawbwall jets.

It is suggested to run experiments on rough bedkstuss the
effect of roughness on the behavior of plane tumbivall jets
in limited tailwater depth.
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