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TECHNICAL NOTES

Plane Turbulent Wall Jets on Rough Boundaries with Limited
Tailwater

S. A. Ead' and N. Rajaratnam, F.ASCE?

Abstract: Combining the results of a laboratory study of plane turbulent wall jets on rough boundaries with shallow tailwater, with the
results of an earlier work of Rajaratnam on wall jets on rough boundaries with deep tailwater, this paper attempts to describe the effect
of boundary roughness and tailwater depth on the characteristics of plane turbulent wall jets on rough beds, which are important in th
field of hydraulic engineering. The time-averaged axial velocity profiles at different sections in the wall jet were found to be similar, with
some difference from the profile of the classical plane wall jet. The normalized boundary layer thigkbes$ereb is the length scale

of the velocity profile, was equal to 0.35 for wall jets on rough boundaries compared to 0.16 for the classic wall jet. Two stages were seer
to exist in the decay of the maximum velocity, as well as in the growth of the length scale, with the first stage corresponding to that

of deep tailwater and the second stage to shallow tailwater. In the first stage, the decay of the maximunuygddeityy section in terms

of the velocityu, at the slot, with the longitudinal distangan terms ofL which is the distance wherng,=0.9U,, was described by one
general function, for smooth as well as rough boundaries. The lengthlsaakerms of slot width decreases as the relative roughness of

the boundary increases. The onset of the second stage was not affected significantly by the bed roughness. The growth rate of the leng
scaleb of the wall jet increased from 0.076 for a smooth boundary to about 0.125 for a relative roughiiigsa the range of 0.25 to

0.50, wherek; is the equivalent sand roughness dmds the thickness of the jet at the slot.
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For a plane turbulent wall jet issuing tangentially on a smooth
boundary, submerged in an infinite expanse of the same fluid atyhereC,=a constant equal to 0.50. They also found tht, is

rest(referred to herein as the classical or simple wal), jétis approximately equal to 60. Launder and R¢#981) found that
known (Rajaratnam 197@hat the maximum velocity at any sec-  the growth ratedb/dx of the length scald, which is equal toy,

tion in the growing wall jet,, «1/\x, wherex is the longitudinal  the normal distance from the boundary where the time-averaged
distance from the nozzle. ¥, andb, are, respectively, the ve-  |ongitudinal velocity u=0.50,, and the velocity gradient
locity of the jet and its thickness at the nozzle, it may be shown gu/sy<0, is equal to 0.073. Launder and Re#iP81) also found
(Rajaratnam 197¢that that the growth ratedd/dx of the boundary layer thickness

wheresd is equal toy whereu=u,, is equal to 0.011.
Um Cl
&) s W
0 V(x/bg)

For classical wall jets and the corresponding free jets, it has
been generally assumédibertson et al. 1950; Rajaratnam 1976;

whereC,= a constant equal to 3.50. Usihgas the length scale,

wherel is defined as the value af whereu,, is equal to 0.8,

Schlichting 1979that the momentum flux would be preserved. In
Wu and Rajaratnanil995 showed that

their study on the effect of shallow tailwater on the flow charac-
teristics of plane turbulent wall jets on smooth boundaries, Ead
and Rajaratnani200)) found that the momentum flux in the for-
ward flow region of the wall jet is not preservddee also

Associate Professor, Dept. of Civil Engineering, Ain Shames Univ., Schneide(1985 and Kotsovinog1976)]. Even though the rise in
Cai2r0. Egypt. the water surface at the location where the expanding wall jet

Emeritus Professor, Dept. of Civil Engineering, Univ. of Alberta, surfaces(which constitutes the end of the surface egdy re-
Edmonton AB, Canada T6G 2G7. _ ) _ sponsible for a significant portion of the momentum deficit, there
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wall jet were found to be similar. Ead and Rajaratn@®02 also
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locity. In the first stage, the decay of the normalized velocity scale
could be described by E@l) with C, equal to 4.00. The second
stage of more rapid decay started at a distagcEom the gate
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whereB=constant and\ andx, were found to be functions of the 0’2'_ \ & s
tailwater depth ratioy,/b,. Ead and Rajaratnani2002 also 00+4 i} ) -  —
showed that the length scale of theljegrew at a rate of 0.076 in (cy 0.0 04 038 12 16 20 x(m)24

the first stage and the rate of growth was much larger in the
second stage. Based on this study, a tailwater depth ratio up to 50 y ) B

would be considered shallow. The effect of the limited tailwater 044 ? b Expt. C1
depth ratio was also observed fg/' b, up to 100 in the study of ] b

. . . 0.2
plane turbulent surface jets in shallow tailwater by Ead and Ra- | L k \ \
jaratnam(2003). These two studies show that most submerged o0 » ; . . .
flows in hydraulic engineering could be considered shallow. Ra- (d) 00 04 038 12 16 x(m) 2.0
jaratnam(19673 studied deeply submerged plane turbulent wall ) o ‘ .
jets on rough boundaries and found that the velocity distribution Fig. 2. () Velocity field with water surface profiles

was similar and that the decay of the maximum velocity was
affected considerably by the boundary roughness.

In these studies, the effect of the limited tailwater and the (l-e)-1
effect of the boundary roughness on the flow characteristics of 0=m-— \/ 2_ 2(“ )Fg
plane turbulent wall jets, were examined separately. This paper
presents the results of an exploratory laboratory investigation onp Eq. (4), 6=3,,/by; m=tailwater depth ratio, equal tg/b,; e=
ited tallwate_zr and a general correlation for the_ decay of the maxi- gtressr defined as, = [*berdx=2M,; andL=length of the sur-
mum velocity on smooth and rough boundaries. face eddy. A study of Eq4) has shown that for any givefy, 0

decreases ag increases and shear stress on the bed also contrib-
utes to a decrease 6f Further,8 increases aB, increases. Using
Theoretical Considerations the experimental measurementsépfn, andF, in Eq. (4), Ead
and Rajaratnam(2002 found that ¢ was in the range of
It is useful to present a brief theoretical discussion on plane tur- 0.12—0.15 for their experiments conducted on wall jets on a
bulent wall jets with limited tailwateffrom Ead and Rajaratnam  smooth boundary. Using the experimental measuremertis¢f
(2002]. For a plane turbulent wall jet of thicknebg with a flow andF, in Eq. (4), e was found to be equal to 0.55, 0.72, 0.47, and
rate per unit width 0fQ, and momentum flux per unit width of ~ 0.47 in Experiments A1, A2, B1, and Qbf the present work
M, entering a rectangular channel, tangentially on a corrugatedrespectively.
bed as shown in Fig. 1, &1, be the velocity of the jet at the slot
(or nozzlg. The downstream control gate is adjusted so that the
tailwater depthy, is large enough to make the water level imme- Experimental Arrangement and Experiments
diately downstream of the gatkousing the slgthorizontal. Tak-
ing the tailwater surface elevation as a reference, our experimentsiall jets were produced in a flume, 0.446 m wide, 0.60 m deep,
showed a depressidy, in the water surface elevation at the gate and 7.6 m long, with Plexiglas sides. Corrugated aluminum sheets
[see Figs. &@—-0d]. The depression in the water surface elevation were installed on the bed of the flume in such a way that the
at the gate is created to produce the required pressure gradient tarests of corrugations were at the same level as the upstream bed
drive the return flow above the wall jet, for entrainment by the jet. on which the supercritical stream was produced by a sluice gate

Assuming hydrostatic pressure distribution on the gate con- (see Fig. 1 The corrugations acted as depressions in the bed, to
taining the slot and at the downstream section where the expand-<create a system of turbulent eddies which might increase the Rey-
ing wall jet reaches the water surface and occupies the wholenolds shear stress in the vicinity of the bed. Two corrugated sheets
depth and that the velocity distribution at the nozzle and the (I and Il) with sinusoidal corrugations of wavelengthof 68 mm
downstream section is uniform, and using the continuity and mo- perpendicular to the flow direction, had amplitudef 12.7 and
mentum equations, Ead and Rajaratn@®02 found that 21.8 mm, respectively. Three pumps were used to supply the

4
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Table 1. Primary Details of Experiments

by s t Uo Qo Y1 Y2
Experiment Sheet (mm) (mm) (mm) t/by (m/s) Fy (m¥/s/m) (m) (m)  m=yi/by mi=yalby  S=m/n-1 R
Al | 25.4 68 12,7 050 3.00 6.0 76.074  0.470 0.203 18.50 8.00 1.31 76,074
A2 | 254 68 12.7 0.50 3.99 8.0 101.432 0.470 0.275 18.50 10.82 0.71 101,432
B1 | 50.8 68 127 025 282 40 143447 0525 0.263 10.33 5.18 1.00 143,447
C1 1l 50.8 68 21.8 043 2.82 4.0 143.447 0.525 0.263 10.33 5.18 1.00 143,447

Note: t=corrugations heightfrom crest to trough ands= corrugations wavelength.

head-tank feeding the flume and the discharges were measured bfxperimental Results and Analysis

magnetic flowmeters located in the supply lines. Water entered

the flume under a sluice gate with a streamlined lip thereby pro- Figs. 2a—d show the velocity profiles for the wall jets for the
ducing a wall jet of a thickness df,. A tailgate was used to  Experiments Al, A2, B1, and C1, at several sections with,
control the tailwater depth in the flume. varying from 0 to about 70, anglis the distance above the crests

A Prandtl tube with an external diameter of 3.0 mm, connected of corrugations. In Figs.(2—-d), it may be noticed that the water
to a vertical manometer, was used to measure the time-averagedurface in the vicinity of the gate is approximately horizontal, but
longitudinal velocityu. No corrections were made to the velocity a rise in the water surface elevation may be noticed further down-
observations to account for turbulence and the presence of airstream and the depressidy,, in the water surface elevation at
bubbles. Velocity profiles of the forward and backward flows the gate is also shown. The maximum reverse velocity at any
were measured along vertical sections at different longitudinal station, was found to occur very near the water surface. The maxi-
distances from the nozzle producing the jet, in the centerplane ofmum reverse velocity in the surface eddy was found to occur at a
the flume, mostly on the crests of corrugations. A total of four distance ofL,/2 from the gate. The section at which the jet sur-
experiments were conducted and the primary details of these exfaces was found using dye injection. Water surface profiles for all
periments are shown in Table 1. Sheet | was used in Experimentsthe four experiments were measured in the vertical centerplane of
Al, A2, and B1, whereas sheet Il was used in Experiment C1. the flume with a point gauge to an accuracy of 0.1 mm. These
The slot widthby, measured above the crest level of corrugations water surface profiles were used to determine the depression in
on the plane bed, was equal to 25.4 mm in Experiments Al andthe water surface elevation at the gatgand the tailwater depth
A2, and 50.8 mm in Experiments B1 and C1. ValuebpandU, Vi
were selected to achieve a range of the Froude number, from 4 to  To test for the similarity of the velocity profiles in the forward
8. The submergence fact® (Rajaratnam 1967d equal to(y, flow region, the maximum velocity,,, at any section was chosen
-y, 1y,, ranged between 0.71 to 1.31, aygis the subcritical as the velocity scale and the length scdleis the value ofy at
sequent depth for the hydraulic jump obtained from the Belanger which u=0.5u,, and du/dy is negative. Fig. 3 shows a consoli-
equation. The Reynolds number of the gtequal toUgb,/v was dated plot of all the data for the four experiments, which clearly
approximately in the range of 76,000 to 143,500 where v is the shows that the velocity profiles in the forward flow are similar but
kinematic viscosity of the fluid. The ratio of the amplitude of the are somewhat different from the profile for the classical wall jet
corrugations to the slot widtti/by was equal to 0.25, 0.43, and (Schwarz and Cosart 1961; Rajaratnam 1)9Tée thicknes$ of
0.50. the boundary layer part is about 0.35 timgswhereas for the
classical wall jet the corresponding value is about 0.16.

Having found that the velocity profiles in the forward flow are
similar, it is necessary to study the variation of the velocity scale
U, and the length scalds L, andd with the longitudinal distance
X. Fig. 4 shows the variation af,,/D, with x normalized withL.

Fig. 4 shows the existence of two stages in the decay of the
maximum velocity. The first stage represents the plane wall jet
with large tailwater depth and the decay of the normalized veloc-
ity scale in this region can be described by E2). with the con-
stantC, equal to 0.50. The advantage of usibgas the length
scale is that the consta@, in Eq. (2) is equal to 0.50 for both

1.2 1

0.8 1

04 4 ua/Up = 0.50/(x/L)**
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Fig. 3. Similarity profiles for the forward flowall experiments Fig. 4. Variation of the maximum velocity with distance
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Fig. 5. (a)«(c) Variation of length scales with distance

smooth and rough boundaries. In the second stage of the maxi+ig. 5c) shows tha®/b is approximately equal to 0.35.

mum velocity decay, the observations deviate from the curve de-  Since the main objective of this work was to study the effects

scribing the first stage and the maximum velocity decays more of the tailwater shallowness and the boundary roughness on the

rapidly. The decay in this second stage is almost linear as shownmain flow characteristics of plane turbulent wall jets, we exam-

in Fig. 4. It is interesting to see that the curves for Experiments ined the experimental results of Rajaratnéi673 on plane tur-

Al and A2 deviated from the general trend of the maximum bulent wall jets on rough boundaries. Rajaratnéi67g used

velocity decay at the same location as they both had the samesix different roughnessdg$our wire screens and two rubber floor

relative roughnest b, and tailwater depth ratiq Experiment C1 mat9, and used the “melted down thicknedg’as a measure of

deviated from the general trend of the maximum velocity decay roughness. To obtain the corresponding Nikuradse equivalent

earlier than Experiment B1 as they both had the same tailwaterroughness,, the velocity Profiles in the boundary layer portion

depth ratiom but the boundary in Experiment C1 was rougher were analyzeda similar procedure may be found in Ead et al.

than that in Experiment B1. (2000], the shear velocity. was obtained and thdq was found
The growth of the length scalewith distance is shown in Fig. by matching the observations with the Prandtl-Karman equation

5(a). The growth rate was 0.125 farb, up to a particular value  for rough turbulent flow

after which the length scale grew at a rate of 0.28, 0.28, 0.40,

and 0.68 in Experiments Al, A2, B1, and C1, respectively. This u y

growth rate of 0.125 is larger than the value of 0.076 suggested by o 5.75 |0<k—s) +8.5 (5

Ead and Rajaratnart2002 for wall jets on smooth beds. The

value of x/by at which the breakdown in the growth rate lof For the corrugated sheefgsed in the present stugyEad et al.

occurred was about 48, 48, 31, and 27 in Experiments Al, A2, (2000 found out thatks is equal to the corrugation heightThe

B1, and C1, respectively. Fig(fy shows a similar situation for ~ normalized equivalent roughneds/b, was in the range of

the growth rate of the normalized boundary layer thickrigds,. 0.019-0.57 for the rough boundaries used by Rajara{i&i79
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Fig. 6. (a) Variation of u,,/ Uy with x/L and (b) variation ofLL/bgy with kg/bg

and in the range of 0.25—-0.50 for the corrugated sheets.
Fig. 6@ shows the variation of the normalized maximum ve-

exist in the decay of the maximum velocity as well as in the
growth of the length scale, with the first stage corresponding to

locity u.,/Uy with the normalized longitudinal distanc&L. Ex- that of deep tailwater and the second stage to shallow tailwater. In
perimental observations of Ead and Rajaratn@®02 are for the first stage, decay of the maximum veloaity at any section

wall jets on smooth boundaries and shallow tailwater whereasin terms of the velocityU, at the slot with the longitudinal dis-
those from the present study and that of Rajaratia967g are tancex in terms ofL which is the distance wheng,=0.5J, was

for wall jets on rough boundaries in shallow and deep tailwater, described by one function, for smooth as well as rough bound-
respectively. Fig. @ shows that if the maximum velocity decay aries. The length scale in terms of slot width was found to
with the longitudinal distance normalized with all results come decrease with the relative roughness of the boundary. The onset of
together until the effect of shallow tailwater triggers the faster the second stage was not affected significantly by the bed rough-
decay, indicating the second stage of velocity decay. The distanceness. The growth rate of the length schlef the wall jet in-

X, Of the section where the second stage starts was described bycreased from 0.076 for a smooth boundary to about 0.125 for a
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for a smooth boundarfEad and Rajaratnarf2002]. This equa-
tion was found to predict approximate{within £15%), the sec-
tion where the faster decay sets in. It was observed lthibg
decreases with the relative roughness. Fip) 8hows the varia-
tion of L/by with the relative roughneds/b, wherein it may be
seen thatlL/b, decreases from 60 for the smooth boundary to
about 30 for the relative roughnekg b, equal to 0.25. The di-
mensionless length scale/b, seems to be independent of the
relative roughness when/b, is greater than 0.25.

Conclusions

Based on a laboratory study of plane turbulent wall jets on rough
boundaries for a range of Froude numbers from 4 to 8 and three
values of the relative roughness from 0.25 to 0.50 and shallow
tailwater, and the earlier work of Rajaratn@®67g on wall jets

on rough boundaries with deep tailwater, the following conclu-
sions are drawn. The axial velocity profiles at different sections in
the wall jet were found to be similar, with some difference from
the profile of the classical plane wall jet. The normalized bound-
ary layer thicknes8/b, whereb is the length scale of the velocity
profile, was equal to 0.35 for wall jets on rough boundaries com-
pared to 0.16 for the classic wall jet. Two stages were seen to

relative roughness in the range of 0.25 to 0.50.
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Notation

The following symbols are used in this technical note:

A = function of the tailwater depth ratio;
B,C;,C, = constants;
b = length scale equal tg whereu=0.5u,, and
aul gy <0;

b, = slot width;

Fo, = supercritical Froude number equal i/ (ghg)®5;

F. = integrated bed shear stress, per unit width, over
the eddy length;

g = acceleration due to gravity;

k. = effective roughness;

ksz

Nikuradse equivalent sand roughness;

JOURNAL OF ENGINEERING MECHANICS © ASCE / OCTOBER 2004 / 1249

J. Eng. Mech., 2004, 130(10): 1245-1250



Downloaded from ascelibrary.org by University of Ottawa on 02/04/20. Copyright ASCE. For persona use only; all rights reserved.

QAo o< 3 o

length scale equal to the value »fvhereu,
=Uy/2;

= length of surface eddy;

wall jet momentum flux per unit width at the
slot;

discharge per unit width;

Reynolds’ number equal tdgby/v;

submergence ratidy—y,)/y.;

wavelength of corrugations;

corrugation height from crest to trough;

velocity of the jet at the slot;

time-averaged longitudinal velocity at any point;
maximum value ol at anyx station;

shear velocity;

longitudinal distance measured from the gate;
function of the tailwater depth ratio;

normal distance from crest of corrugations;
tailwater depth;

subcritical sequent depth of free hydraulic jump;
boundary layer thickness;

depression in the water surface elevation at the
gate;

shear force coefficient equal ./ My;

tailwater depth ratioyby;

kinematic viscosity of the fluig/p;

depression ratiog;,/bg;

mass density of the fluid; and

bed shear stress, also used as suffix.
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