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Hydraulically Effective Straight Drop Structure
Calculation According to DIN 19661-2

Abstract

In order to stabilize the bottom of a channel, it
is often necessary to reduce the slope, so that the
critical tractive force is not exceeded. The excess
absolute slope is then incorporated into river bot-
tom protection structures, such as: drop structures,
chutes, cascades and sills.

When a drop structure is used, it must be estab-
lished that there is a double change in state of flow
with a hydraulic standing or steady jump. The
hydraulic effectiveness depends on the energy dis-
sipation in the jump. For this reason, it must be
ensured that a minimum drop Hy, exists. The type
of flow arising must be calculated hydraulically
and the dimensions of the stretches to be protected
must be determined.

In Germany, the Standards for these structures
are listed in the Guide-lines DIN 19661-2 (1996):
Hydraulic Structures — River Bottom Protection
Structures, which covers both the hydraulic dimen-
sions and the structural engineering design.
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Introduction

For the hydraulic dimensions of a stra-
ight drop structure the following calcula-
tions are necessary.

1. The effective height of the straight
drop Hy 1s determined.
2. The type of flow after the structure
is determined.
Calculation of the depth hia=hipD:
a) hi4 from the headwater,
b) h;p from the tailwater.
3. The stretches to be protected and
the end sill are determined.

Hydraulics at the straight drop

The hydraulics at a drop essentially
depend on the type of flow upstream and
downstream the structures. The aim sho-
uld be to obtain a subcritical (streaming)
flow (F < 1) in both areas: if there is a
supercritical (shooting) flow (F > ) in
the headwater, there is nc hydraulic effec-
tiveness. If there is a streaming flow abo-
ve the drop and a change of flow in the
area of the structure, the critical depth A,
(F = 1) is reached shortly before the crest
of the drop. Behind the structure a second
change in flow with a hydraulic jump and
a surface roller must occur. The flow con-
dition in the headwater is determined by
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the cross section at a distance of 3 - hgrup
to 4 - hgr before the crest. In the tailwater,
the cross section should be assumed in the
undisturbed area behind the drop. Figure
1 shows a drop structure with a double
change in the state of flow (local pheno-
menon). It is necessary to have a free
stretch of water with a uniform flow be-
tween two straight drops, so that the for-
mation of the surface roller is not in-
fluenced.

1. local phenomenon

subcritical flow ‘l

supercritical flow and surface roller

For a flow condition with the critical
depth hgr in the headwater, the flow types
a) to d). Figure 2 shows the different
surface profiles of a jump, are relevant,
depending on the height H of the straight
drop or on the depth of the streaming
tailwater h;,. The hydraulic effectiveness
depends on the energy dissipation in the
jump. This requires for there to be a sho-
oting of F> 1.7 at the foot of the surface
roller and thus flows of F> 0.5 behind the

2. local phenomenon

subcritical flow

F>1

hydraulic jump F<1

[

(3upto4) -hy,

tailwater
_L

Fig. 1. Drop structure with a double local phenomenon

Fig. 2. Various types of flow at the straight drop
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roller. A better formation of the surface
roller arises according to Henderson
(1966), when in the shooting area F>
2.25, which corresponds to F< 0.32 in the
streaming area. The effect of the Froude
number and the energy dissipation in the
tailwater is shown in table.

Table. Determination of the type of flow at the
straight drop

F| Surface Type Dissipa-
roller by DIN tion
1.0-1.7 none a none
1.7-2.25 weak b low
2.25-4.5 | standing c good
4.5-9.0 steady d high
9.0 none - low

When F> 0.5 or when a leaving surfa-
ce roller occurs, because the jump travels
downstream the hydraulic effectiveness
can be achieved by taking special measu-
res such as, changing the discharge area,
installing sills or stilling basins.

First of all, the type of flow, figure 3
shows the effect of tailwater depth on the

ha > hp

o

hy = hyp

formation of a hydraulic jump, must be
determined by comparing the shooting
water depths #;, which arise from the con-
ditions in the tailwater and in the headwa-
ter too. Instead of a comparison by met-
hods of computation, the result can be
taken from a nomogram (fig. 4).

Hydraulically Effective Straight
Drop Structures

In the critical area, the acceleration is
determined by the height of the straight
drop. If it is small in relation to the water
depth, it is not able to convert the subcri-
tical flow at the drop into a supercritical
flow. The streaming flow continues, at the
most, a undular flow (type a) occurs,
whereby the nappe, which initially dives
down, rises to the water surface and more
often than not forms distinct, standing
waves. The straight drop is then hydrau-
lically ineffective.

Based on the forces arising, the hydro-
static pressure (1) and force of momen-
tum (2) for a rectangular discharge area
with the formulation for the momentum
principle (fig. 5) results the minimum re-
quired height Hy, of the drop:

[ TTTTTTTTTmTmmTmmsmssmo et weak jump
. standing jump
U S steady jump

hy < hp

Fig. 3. Types of jump (b, c, d) at the straight drop
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Fig. 4. Nomogram to determine the type of jump
headwater
y S v tailwater
force of momentut "

rce of momentum

Fig. 5. Formulation for the momentum principle at the drop

Fw=12-p-g-h* s (1) Substituting nuz—hizF—%
F1=p—Q-v=p-A-v2 @) becomes:
In addition to Musterle (1930) the fol-

lowing method of computation by Eq. (3)

Hw>[(F ¥ +2. F25-2)"2-1]x
results:

X hgr-:'(phgr
HWZ -1+ n12¢+—g-—2 'hgr
Ny

(4)

The comparison of this equation by
(3) Bleines (1951) with model tests at the

straight drop with both a perpendicular
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and a steeply inclined wall has shown,
that the theoretically derived Egq. (4) re-
sults in heights, which are too low for the
drop. It can, however, be used for chutes
with a bottom gradient of 1:4 to 1:12.

By improving Egq. (4) with the measu-
ring results at the straight drop, for the
integration of the measuring values a hy-
perload was selected, the following
Egq. (5) for the hydraulically effective he-
ight Hy, of the drop was obtained:

Hy > [-3.97 +
£+ (n+547 )%= 14.15] - hgr
with
e
n=@=-1+ . fny+—-2

ny

)

and
_hu
Ny — hg,. =
Instead of the hyperload borderline, in
the German Standard a simplified repre-
sentation was selected, whereby the hy-

perload was replaced by a straight line
with a distance of 0.15 on the axis of the
abscisse. The agreement between the both
equations (fig. 6) is perfect. Therefore in
DIN 19661-2: Guide-lines for Hydraulic
Structures — River Bottom Protection
Structures, the effective height Hy, of the
straight drop can be computed by Eg. (6):

Hw>[0.15+1.1((F 2+
+2FB-2)"2-1)] hg=
:\lj- hgr

with
vy = (015+1.1- o).

(6)

To receive a steady surface roller, the
Standard asks F < 0.5, better F < 0.32
for the tailwater flow. With F = 0.50 can
be computed: Hw 2= 0.52 - hgr and for
F=032: Hy2> 1.20 - hgr. With the re-
quirement F < 0.5 an effective height Hy,
of the straight drop of at least 1/2 - hgrand
for F=0.32at1.2- hg results.

A
© ]
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107 o4 g
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61 - Eaq. (4)
— Eq. ()
41 - ——Eq. (6)
2
Hw/hgr
0 - + + + t t 1 +—J
0 2 4 6 8 10 12 14

Fig. 6. Comparasion of the equations by Musterle, Bleines and DIN
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Proof of The Actually Existing
Type of Flow

For the borderline case, flow type c
(standing jump) two formulations have
the same flow patterns on the apron. The
first formulation is based on the critical
depth in the headwater and on the sho-
oting flow on the apron before the surface
roller (fig. 7). The second formulation
considers the condition immediately be-
fore and after the surface roller (fig. 8).
Thus both formulations have the same
water depth hja = h;p immediately befo-
re the surface roller in the borderline case
of flow type c. A comparison of both
water depths hia > hip (hiA < hip) thus
makes it possible to draw a conclusion, as
to which flow type can actually be found
in each investigation carried out. Thus,
the results of the calculations can be chec-
ked for correctness.

Fig. 7. Derivation of the tailwater depth Aia

Supercritical fiow (1)

e O

+t—r

Fwi

Determination of A; = hia
from the Headwater Conditions

According to the continuity equation
of the streaming water (O = Q2 = vJ- A]
=v2-A2) with

v1=\[2g- [+ )+ ),

Vgr=\g - hgr
and
hi = hiA

the following Eq. (7) results:
1

|2 HA ]2
hlA—hgr |: h,gr +1j| (7)

] : e
If N 0.7 is set for simplification

purposes, the result in the commonly used
way may be writen:

©,

Fig. 8. Formulation for the momentum principle for the hydraulic jump equation
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0.7

W) o5
her

hia = hgr '
(8)

Determination of i; = h;p
from the Tailwater Conditions

The hydraulic jump equation derives
from the formulation for the momentum
principle S = Fw + Fr (fig. 8) with the
requirement of equilibrium S; = S5 and
F=v/ANg-h:

hy

: 1+V8.-F}+1]

= ©)

Height H, of the Drop Structure
for Type c

From Egq. (7) follows after transforma-
tion with z = 0 and A4 = h;D:

2
ot ]
2 hiD
or (10)
h 4
_8r 3
H="% (Fz/ 1)

Hydraulic Loss Coefficient (4
at the Drop Type c

The hydraulic loss at the straight
drop is:

2
th=CA‘]2}_lg

with

HE=hi+ hyi+ CA - hyi=
=hi+ (1+C4) hyi
and
v
hvi= 2—8
becomes:
HE - h;
= -1
& hyi (1D

With Hg = H + Hmin, H according
Egq. (10) and Hmin = 3/2 - hgr further h; =

=hgr - F 17 can be computed:

_H+Hmin—hl 1_
]
Fig 5
hor 3 2 _
429(F‘I/3—1)+§hgr—5hgr-1«“ﬁ’3
= ~1
2 hi
F 1 >
CA_(F‘if-*—1)+3-21572 o
F%I;’IZ/?
1 3 i)
=1- 4 —2FT2-1
F{* FY
Ca=2 (F1PFT1% (12)

The plot of the function for the hy-
draulic loss coefficient {4 at the drop type
¢ with respect to the Froude number
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Fig. 9. Plot of the function for the hydraulic loss coefficient {a = ¢ (F) for type ¢

shows figure 9. The maximum hydraulic
loss coefficient is 0.2963, which occurs at
F = 1.837 (0.584). The coefficient ran-
ges for 0.32 < F < 0.5 between 0.17<
Ca <0.28,

Example:
Calculation of the Straight
Drop as Discharge Type ¢

Below, the dimensions required are
illustrated by giving an example. At the
same time, the corresponding stretches
needing protection will be determined.
Only flow type ¢ (standing jump) is sui-
table for calculation; in addition the mini-
mum necessary hydraulically effective
height Hy,, of the straight drop can be
calculated. Then with these limits it is
possible to ascertain flow type b (weak
jump) and flow type d (steady jump),
which occur when the height of the drop
or the level of the streaming tailwater
changes.

Example: Rectangular discharge
area, bottom width s = 4.0 m, discharge
0=170 m3/s, the corresponding Froude
numbers: in the shooting area F =4.50

and in the streaming area F =0.315
(0.32).

Requirements: Hydraulically effec-
tive straight drop, height H of the drop
when hi4 = hip, energy head, loss in he-
ight of the drop and of the roller, length of
the stretches to be protected in the head-
water and tailwater, as well as a compari-
son of the flow types occurring with dif-
ferent heights of the straight drop.

Basic Characteristics of the Straight Drop
Hydraulically Effective Straight Drop

Hw>[0.15+ 1.1 (031543 +
+2-0315%2 -2 _1)].0.68 >
>0.77m [of (6)]
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Depths of Water in the Headwater Area

Both Froude numbers (shooting and
streaming) are related to the correspon-
ding water depths [h = hgr - F =t 3].

her = ==

3 2
:\ME 0.67 m
9.81-40

hi=067-45%3=025m=hip

hs=0.67 031523 =147 m=h,

Height of Straight Drop

2 -
hor hoy
H:—g——- - LA B T
2 KhiDJ |

2 —
_068 [[O.68J i =218 m

2 0.25

Velocity Head below the Drop

2
0 |
= - —=0.34
hvgr (S _ hgr 28 0 m
2 2
Vi Q 1
== . =—=2.52
T 2g (s : hi) 2g m
2 2
Vu 0 1
== . =—=0.07
hvu 28 (s ] hu] 28 m
Loss in the Drop

For F7 =0.315 or F1 =4.5 becomes:
=2 - (F1"-F1)=
=2. (454 _-452%)=0.171

=0.171-2.52=043m

Loss in the Roller

C(hu—hi)

==

_(147-025)°
T 4.147-025

0.24 m

Checking the Energy Head
HE=H+Hmjn=2.18 +
+3/2-0.68 =3.20m

HE=hu+hvu+th+th=

=147+007+043+1.24=320m

Stretches to be protected

Headwater with Shooting Flow:
I] =5'hgr=5'0.68=
=340m= 3.50 m

Length of the Drop:
her Y
=43 [—gj (hgr- H)? =

2.8
=355m

%)
=43 [36—8J . (0.68 - 2.18)" =

Length of the Jump:
I4=5"(hyu—hi) =
=5-(1.47-0.25)=6.10m
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Length of the Apron: with hydraulically effective heights of the

La=Dh+14=3.55+6.10= drop result:
- - flow type a:
=9 m=100m Ha < 0.77 m (ineffective)

. I — subcritical or undular,
Tailwater with Disturbed Flow:

Is=~14=6.00m flow type b:
0.77m< Hp<2.18 m
Total Length: — weak,
L=I1+Dh+ Ih4+I5= flow type c:
H:.=2.18m
=340+3.55+6.10+6.10= _ standing,
=19.15m=20.0m flow type d

Hg>H:>2.18m

f Fl ith Diffi t Heights iti
Types of Flow with Difterent Heig — steady or supercritical.

of the Straight Drop

Taking the calculation example for di- Design of the Straight Drop Structure
scharge flow type c, the following areas (fig. 10)

-------
...........

Hg=320m

A=hp=025m

8
| He=320m ]

o
<

,,,,,
.....
.......
..........
......

l,=3.55m lg=6.10m _IL‘ ls=6.00 m
< ;[- <

L,=100m
L=200m

ly=3.50m

Fig. 10. Example of a calculation for type c [height doubled (i.e. 1:2)]
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