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INCREASING THE ENERGY LOSSES BEYOND THE BASE OF
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ABSTRACT : This study deals with the mechanical energy loss in hydraulic inclined (angle φ) repelled water jumps, created beyond an abrupt rectangular open channel expansion, as compared to the respective energy loss along the jumps within prismatic inclined channels.  Energy and loss of energy computations, based upon previous experimental measurements of suitable quantities, are presented for  
[image: image41.jpg]06

04

v r=(0§
v =06
X Z0s
v s =10




, expansion ratios 
[image: image2.wmf]85

.

0

r

5

.

0

£

£

- as compared to r=1 for prismatic channels - and Froude numbers Fr1 in the field 2 to 8.  For φ=const. the energy losses are increasing with increasing Fr1 and decreasing r.
Key Words:    Energy Loss.  Repelled Jumps.
1.
INTRODUCTION

The steady repelled hydraulic jump is a specific jump which is created under particular conditions in two rectilinear horizontal or inclined rectangular open channels in series, which have the same inclination angle and different widths - smaller upstream width and larger downstream width - usually connected through an abrupt channel expansion.  In such cases, just after the abrupt channel expansion, a double zone of separation flow is created, i.e. along a rather small downstream channel length the effective water width is narrower than the channel width.  Both separated flows include a reverse flow, the toe of the jump appears at a close and steady distance from the end of this recirculating local flow, while the entire jump is maintained within the tailwater channel.
As in almost all separated water flows, the local mechanical energy loss in the repelled jump is largely increased if compared to respective energy loss in a usual hydraulic jump - without separation zones, e.g. in a corresponding jump - horizontal or inclined - within prismatic channels.  This flow separation is affecting not only the local energy loss but even all the repelled jump characteristics, such as the length and conjugate depths’ ratio.
The purpose of this paper is to investigate the local mechanical energy loss - on the basis of previous experimental data by the authors - in repelled / sloped hydraulic jumps, and compare this loss with corresponding loss of hydraulic jumps in prismatic / sloped channels.

Figure 1 schematically shows the repelled jump characteristics.  The rectangular channels, with widths bo  and b1  and expansion ratio 
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Figure 1:  Repelled jump characteristics.

The discharge per unit width (b1) is q, the conjugate jump depths are h1 and h2 - with their ratio s=h2/h1(>1), while the inclined length of the jump between h1 and h2 is Lh.  In the present flow case the jump appears - with its mean free surface profile and roller - to be entirely created in the b1 channel at a small distance from the end of two symmetrical separation zones.  The toe of this jump (at depth h1) is not far from the separation zones, while its tailwater (depth h2) is lying at a horizontal distance 
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The most important parameters of this jump are the expansion ratio r and Froude number at cross section 1, 
[1] 
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while the respective Reynolds number is 
[image: image6.wmf]n

×

×

=

1

1

1

h

R

4

V

R

 - with R1=hydraulic radius=
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.  In this study Rh1 had large values and thus all flows were fully turbulent flows.

2.
PREVIOUS EXPERIMENTAL RESULTS

A lot of pertinent previous investigations have been presented in the past as they are summarized by Hager, 1992, who was one - among others - to classify this jump as "repelled" or "R-type" hydraulic jump.
In this study, which is based on previous experimental measurements by the first author - or in collaboration with other authors, the mechanical energy loss ΔΗ=Η1-H2, where (Figure 1) H1 is the energy at cross section 1 and H2 the energy at cross section 2, is dimensionlessly presented, analyzed and discussed.  Moreover, a comparison is presented between ΔH in repelled jumps (r<1) and ΔH in jumps within prismatic (r=1) channels - both with φ=0o or 
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.  In case of r=1, instead of the symbols h1, h2, Fh1, s and Lh, corresponding symbols d1, d2, Fd1, δ and Ld are used and all comparisons are meant for Fh1=Fd1=Fr1.

For r=1 (prismatic inclined channels) Demetriou, 2005, after a number of laboratory measurements, has presented a unique equation for the jump lengths (with φ in degrees),
[2] 
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and verified the conjugate depths ratio Equation,
[3] 
[image: image10.wmf](

)

o

J

5

.

3

2

/

1

2

1

1

2

e

1

Fr

8

1

5

.

0

d

/

d

×

×

ú

û

ù

ê

ë

é

-

×

+

×

=

=

d


Equations. (2) and (3) hold for 
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(for φ=0o), and smaller Fr1 ranges for other angles φ (always Fr1(2).  For φ=0ο (Jo=0) Equation (3) coincides with the very well known, Chow, 1959,  equation for δ in horizontal channels.
Moreover, Demetriou et. al, 2006, have presented the following experimental Equation concerning the length of the repelled - inclined jump - independently of r=b0/b1,
[4] 
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where s=h2/h1 (>1).
Demetriou et. al, 2003, 2005, 2006, apart from the pertinent theory have also given various other characteristics of the repelled jump and mainly the following experimental Equation for the conjugate depths ratio (with φ in degrees),
[5] 
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which gives s=δ for r=1.
The above Equation 5 for the repelled jump, holds for φ=0o-2o-4o-6o-8o, r=0.50-0.55-0.60-0.65-0.70-0.80-0.85, 2(s(7.5 and 2(Fr1(6 - although this ranges were extrapolated here to r=1 and Fr1 up to 8 - and are quite necessary in order to compute the dimensionless energy loss ΔΗ/Η1, since they give quantitative results for Lh/h1 and s.
It is also to be noticed that the experimental results for r=0.5 were not always fully consistent with the rest of the experimental results (for other r ratios), perhaps because this ratio is too small.  However the points which appear on the following figures came out as results of energy computations, based on the above experimental data - and in combination with attending onedimensional energy expressions.

3.
RESULTS.  ANALYSIS AND DISCUSSION
From Figure 1 H1 and H2 may be determined, 
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Also, 
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The dimensionless energy loss ΔH/h1 is
[8] 
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while in another expression,
[9] 
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where Lh/h1 and s may be taken from the experimental Equations 4 and 5 correspondingly.  For the jump in prismatic channels (r=1) the above Equations 6 to 9 are also holding, although h1, h2, s and Lh are replaced by d1, d2, δ and Ld, with Fh1=Fd1=Fr1.
For φ=0ο ΔΗ depends only on internal friction (mainly in the roller region), while for φ>0ο ΔΗ depends on both internal friction and tractive stresses. Thus, ΔΗ for φ>0ο is expected to be larger than ΔΗ for φ=0ο, although when dealing with ΔΗ/Η1 things may change because of H1 size.
Figure 2  presents   the dimensionless  energy   at cross  section 2 (Equation 7),  H2/h1   vs Fr1  (2 ( Fr1 ( 8)  and φ(0ο(φ(8o) for r=0.6 with a family of very dense straight lines, showing the linear relationship among these parameters, where H2/h1 is increasing with Fr1 and angle φ.
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Figure 2:  H2/h1 vs Fr1 and φ for r=0.6.                               Figure. 3:  H2/h1 vs Fr1 and φ for r=0.7.

The same typical trends are also shown in Figures 3, 4 and 5 for H2/h1 vs Fr1 and φ for r=0.7-0.85 and 
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Figure 4:  H2/h1 vs Fr1 and φ for r=0.85.
Figure 5:  H2/h1 (or H2/d1) vs Fr1 and φ for r=1.0.

1.0 respectively.  If Figures 2, 3, 4 and 5 for r=0.6-0.7-0.85 and 1.0, are compared among them, then it is clear that the level of corresponding lines representing H2/h1 vs Fr1 and φ is rising up when r are increasing, while at any of these figures, for Fr1=const. and r=const. H2/h1 are increasing too with angle φ.  At the same time in any one of the preceding figures corresponding lines are diverging more and more when r are increasing.  Figure 5 (r=1) for H2/d1 (or H2/h1) vs Fr1 and φ, actually presents the dimensionless energy  H2/d1 at corresponding jump within prismatic inclined channel and thus a more general conclusion may be deduced, that all pertinent dimensionless energies at the end of the jumps, in prismatic or non-prismatic channels, H2/h1 (or H2/d1 for r=1), are linear functions of Fr1 for all present r and φ.
Typical Figures 6, 7, 8 and 9, for φ=0o-2o-4o-6o and various r (0.6(r(1.0), show H2/h1 (for r<1) or H2/d1 (for r=1) vs Fr1, and it is clear that corresponding straight lines show also a linear behavior like the lines of the previous Figures 2, 3, 4, 5.  From Figures 6, 7, 8 and 9 it is evident that in all cases, for Fr1=const. and φ=const., H2/h1 become smaller than H2/d1 and that this effect is systematic for decreasing r values.
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Figure  6:  H2/h1 (or H2/d1) vs Fr1 and r for φ=0ο.           Figure 7:  H2/h1 (or H2/d1) vs Fr1 and r for φ=2ο.
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Figure  8: H2/h1 (or H2/d1) vs Fr1 and r for φ=4ο.
Figure 9: H2/h1 (or H2/d1) vs Fr1 and r for φ=6ο.

But the main conclusion of this investigation comes from Figures 10 to 14, for corresponding angles φ=0o-2o-4o-6o-8o and 0.5(r(1.0, which graphically present ΔΗ/H1 vs Fr1 (Equation 9), i.e. the dimensionless local energy loss as compared to initial energy level and Fr1.  This local loss, for Fr1=const. and φ=const., is increasing when r is decreasing and obviously this is due to the more intense effect from flow separation upstream the toe of corresponding repelled jump.  Also in all Figures 10 to 14 the lines representing  ΔΗ/H1  for  r=1  (jump in prismatic channel) are  at lower position than any other  ΔΗ/H1 lines (for r<1). This shows that the local energy losses ΔH/H1 in repelled jump are larger than corresponding energy losses in jumps within corresponding prismatic channels.
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Figure 10:  ΔH/H1 vs Fr1 and r for φ=0ο.


       Figure 11:  ΔH/Η1 vs Fr1 and r for φ=2ο.
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Figure 12:  ΔH/H1 vs Fr1 and r for φ=4ο.


Figure 13:  ΔH/Η1 vs Fr1 and r for φ=6ο.
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Figure 14:  ΔH/Η1 vs Fr1 and r for φ=8ο.

The local energy losses in hydraulic repelled jumps are higher enough than in corresponding jumps within prismatic channels.  As a simple arithmetic example for the moderate values φ=4ο and Fr1=5 (Figure 12), 
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at r=1.0, while 
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at r=0.5, i.e. there is a percentage increase of 
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.  In the same figure for a larger Fr1, Fr1=8, 
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(r=1) and 
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(r=0.5), i.e. the percentage increase is 
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From the above consideration the main conclusion could be that the repelled jump in abruptly expanding channels may be used - instead of corresponding hydraulic jump in prismatic channels - when larger energy losses are needed. Actually the tailwater channel of these abruptly expanding channels constitutes a more effective stilling basin than corresponding basin in prismatic channels.
4.  CONCLUSIONS

This study deals with the mechanical energy loss in repelled - inclined hydraulic jumps, created after an abrupt channel expansion, as compared to the respective energy loss in the jumps within prismatic sloped channels.  Figure 1 shows the repelled jump characteristics, Equations 2 and 3 give the length and conjugate depths’ ratio in the jump within prismatic channel, while Equations 4 and 5 give corresponding experimental results for repelled jumps after channel expansion.  These Equations are combined with Equations 6 to 9 to calculate H2/h1 and ΔH/H1 for various angles φ (0ο(φ(8ο), Froude numbers (2(Fr1(8) and expansion ratios (0.5(r(0.85), as compared to respective results with r=1 (jump in prismatic inclined channels).  From all Figures (2 to 14) it is evident that the energy loss is increasing with increasing Fr1 and angle φ  and decreasing r, and that this jump energy loss is always larger than in jumps within corresponding prismatic sloping channels.  This leads to the final conclusion that repelled jumps may be used when larger energy losses are needed - instead of the usual hydraulic jumps in prismatic channels.
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