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Series I and II: Series I involved almost uniform sediment char-
acterized by d =52 mm, ds;=65 mm, dg,=7.8 mm, and
dgn=28.0 mm, thus o=1.22. The imtial sediment thickness varied
between 0.30 and 0.40 m. Water discharges were up to
0w=0.025 m?/s, whereas air dischargce was limited to
0,=0.045 m?/s for a constant pipe diameter D=0.070 m. Series

IT involves the effects of the tailwater depth, the granulometry, the
upstream velocity, and the ridge removal.
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Effect of Jet Shape

The effect of jet shape on the maximum scour depth 1s important
because flip-buckets may generate a jet geometry that deviates
largely from the circular shape as used in the present tests. There-
fore a special series of experiments was conducted using four
different jet shapes: Circular conduits of internal diameters (1)
D=0.100 m (Canepa and Hager 2003) and (2) D=0.070 m;: and
rectangular jets (3) of width h=0.100 m and height /#;=0.029 m,
and (4) inverted with 5=0.029 m and h;=0.100 m. Only black-
water observations were considered because the effect of air is
discussed below. The equivalent (subscript e) diameters of con-
figurations (3) and (4) are DE:{4bhth)”2:{].ﬂﬁl m  The hnce
data of Canepa and Hager (2003) were not recc 0
they followed essentially configuration (1), ar 0
was considered too low.
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unsubmerged (closed symbols) and submerged jet flows (open
- symbols), (—) trend lines




Effect of Jet Impact Angle

The maximum scour depth £, may be expressed with indepen-
dent functions f; to f; accounting for the main parameters of the
present research as

Zyw=f1{Fao) - folae) - F3(B) - fo(T) - fsla) - folFL) - f+(S or U)
(1)

Fig. 4 shows black-water data as Z,,=Z,/f:(e) in which
f>=0.38 sin(l@+22.57) was fitted for both submerged (5) and un-
submerged (U) flows (f;=1) for the four jet impact angles
=230, 45, 60, and 90°. The difference between the S and the U
data was found negligible from a detailed data analysis. For un-
submerged jet flow, the vertical distance from the pipe outlet to
the tailwater surface was of the order of 2D. For black-water 0 10 20
flows, scour depths are practically the same for jets impinging (J
onto a water body and those issued below it. This important find-

ing applies for a tailwater depth of at least 2.5 times the diameter 'F'ﬁ
D. The maximum scour depth for B=0 thus is from Eq. (1)

Z, =—038sin(a+225%)F . 2<F,<20

N =a=90", h,=35D (2) -
® 20°BWU D=0emae

The effect of the jet impact angle was originally assumed to fol- &30 BWLL D=10em *
low the sing function. However, the data sets indicated that the 10 & 30°BWU D=¥om
scour depth is larger for ae=60° than for 90°. This may be ex- O 45 BW.S D=Tem
plained with two reasons: (1) the deposition height Zy (see ABIPBWS D=7cm
below) is significantly larger for a jet impact angle of a=60" than ABDBWUD=7cm
of 907 because less sediment is suspended in the more confined &S0 BW.S D=Tcm
scour hole of a vertical jet; and (2) the ridge erosion is larger for S 50" BV D=Tem
En than for 907 jets for otherwise identical conditions. & R WAL D=Tem
a e ©30"BW-S O=Tcm

4 m+ W45 Bl D=Tem

=20

Fig. 4. Relative scour depth Z,., as a function of F g for (U.S)
black-water (BW) data and jet angles « between 30 and 907,

R*=0.98, (—) Eq. (2)



-8

Fig. 8. Mv:unum scour depth Z,,,{FM,I for various tailwater depths | :AJ.‘-”-

The maximum scour depth is Z,FE_TF:f.4r, where T depends on
the relative tailwater as (Fig. 8)

7=0.12In(1/T)+045 for HT = T" 10




Fig. 9 shows the significant tailwater effect on the scour hole
geometry. For T>5, the maximum scour depth (1) is compara-
tively small because of a relatively high ridge. For 3<<T<<4.5, the APDEE
ridge height increases to its absolute maximum (see below), as- :
sociated with a small increase of the scour depth (2), because of
the shorter distance between jet impingement and the scour hole.
Further decreasing T to roughly 2 erodes the ridge, depending on |
the grain size and the water velocity in the ridge region, resulting
in a deeper scour hole (3). If T is reduced to values of the order of
1, the ridge is eroded and the scour hole is unprotected (4). The
erosion of the ridge may not thoroughly be analyzed with the
parameters introduced herein because sediment transport depends
on additional quantities. Such a discussion was considered out of
the scope of this research. Note that the tests of Canepa and Hager
(2003) and those of Series I were conducted in the narrow range
of 3<<T<C4.5.

Fig. 9. Effect (schematic) of tailwater elevation on maximum scou
depth and ridge height




" Effect of Granulometry

0

230 430

Fig. 14. Effect of sediment nonuniformity o on scour hole geometry
for o=(—) 1.22, (- -) 1.73, (++) 2.66, and (—) dynamic and (- -)
corresponding static scour conditions

e




Ridge Removal N I

In special tests the sediment ridge (subscript r) was constantly
removed during an experiment to provide a horizontal sediment
surface downstream of the scour hole, to explore whether the
scour increases. As mentioned, a ridge protects a scour hole from

-8

Fig. 12. Effect of ridge removal on Z,,(F ) (—) prediction, (- -)
data lines, , 3=T=4.5

1=0.12In(1/T) +C, for T"' > 0.05 (9)

with C,=0.45 for ridge presence, and C,=0.52 for artificial ridge
removal.



. Effect of Upstream Velocity

Fig. 15. Effect of upstream Froude number F, on scour hole profile

z(x)




General Equation for Maximum Depth of Scour Hole

Based on Canepa and Hager (2003) and the present research, the
effects of all independent parameters influencing the maximum
scour depth Z,,=z,/D can be assessed with

Densimetric Froude number F ;= Vi/(g'doo)'*,  fi(F) =F,
(10)

£y(a) =—[0.38 sin(a +22.5°)] (11)

Jet impact angle «,

Jet air entrainment B, f5(B)=(1+B)™

(12)

Tailwater effect T,  £,(T) =[0.12 In(1/T) + C,)/0.30 (13)

fs(0)=—=[0.33+0.57c] (14)

Sediment nonuniformity o,

Upstream flow effect F,,  fo(F,) =1+ F"" (15)

The final expression for the maximum depth of a plunge pool
scour thus is

Zn=F1(Fa) - fole) - f3(B) - f4(T) - f5(@) - fe(Fu)




| (b)

Reosd 512

(Rcosd = Fy )
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- of 3D plunge pool for free jet flow (a=30°)

) Plunge Pool Scour
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2. HYdsqwli@s of 3D Plunge Pool Scour

of 3D Scour Ho

3D plunge pool scour

2t impinging onto the sedir

1t with major momentum compc
condary currents are set up that ha

Fig. 3. Sketch of scour hole in (a) longitudinal; (b) plan view; and (c)

extrapolation of b,,
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Table 1. Classification T g e e £ \Eu}:,; !}K\I
Also with Fig. 2) “n_ﬁ‘-“.

— e WALy
Type 3.0 g RN .

i
1
Type L. I
Hrp, L, Maximum 1.5 — P ; Hﬁk&m‘“ :QH' I
with the ri [ \E :
height is I: : Type Lr.H. .:_Eﬂ
direction o i . ) 1 . i
Hp, 1, Scour acti’ 30 45 60
than for H
:E:;ﬁ:_ Fig. 2. Types of 3D plunge pool scour as function of impact angle o®

tendency t  and relative tmlwater T

Scour hole et w0 co i ciipe g e

reduction of the scour depth. The flow direction over the

scour hole is no more axial and the water flows more

radially from the jet impact zone.

L, L, With a tailwater reduction, the scour hole is less
developed and has an almost circular plan shape. The flow
direction from the impact zone is radially outwards.

L.H, All flow characteristics previously described are amplified,

in addition to a flow portion deflected in the direction

against the jet flow. For vertical jets, almost circular scour
holes result.
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Fig. 4. Zm Versus de for (ﬂ_) T= ]_D., o= SUG; (b) T:S, o= 450'; and Fig. 3. Sketch of scour hole in (a) longitudinal; (b) plan view; and (c)

extrapolation of b,

(¢c) T=1, a=60°: (line) 2D scour (Pagliara et al. 2006) i
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Flg. 5. (a) Tailwater effect for 3D scour for A= 1.50, expressed
as Zyr versus Fagg for =307 (b) jet angle effect on Z,y for
T=17.5

Fig. 5(a) shows the maximum 3D scour depths Z,,r(F ;o) for
a=30" and a variable relative tailwater submergence T. The plot

| confirms that as larger T, the deeper is Z,r. In contrast, Z,, is

inversely related to T in the scour depth equation proposed by
Pagliara et al. (2006) for 2D scour. Note that the relation between
Z,r and F g, is practically linear. Fig. 5(b) shows the relation
Z{F 4op) for the three jet impact angles a=30, 45, and 60°: The
smaller the jet angle o, the deeper the scour hole. This effect has
to do with the modified ridge geometry. Whereas the ridge in the
2D case resulted in deeper scour holes for large angles a, the
partial ridge geometry in the 3D scour hole retains less suspended
sediment. Fig. 6 also indicates a larger scour surface for a small

- jet angle as compared to large values of a.



(c)

Fig. 6. Axial scour hole profiles for 7= 10 and a= (a) 30°; (b) 457;
and (c) 60° for otherwise identical flow conditions




83D Plunge Pool Scour

Equation for Scour Depth
Pagliara et al. (2006) proposed the following relationship for the
maximum 20 scour hole depth:

L == 1(Faoo)fale 2 )BT (e fe(FL) (1)

The individual functions f account for the effects of

Densimentric Froude number,  f,(F 40) = F a0 (2)
Impact jet angle, filo) =[—0.38 sinfa +22.5° )] (3)
Jet air content, f3(B)=(1+ p) ™" 4)
Tailwater, f,(T) = (1/0.30)[0.12 In(1/T) + 0.45] (5)

Granulometry., f5{o)=—-(0.57c + 0.33) (6)

Approach flow. fglF,)=1(1+ Fﬂ.ﬂn}

N
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2. HyGSERER3D Plunge Pool Scour

The expanded equation (1) for the maximum depth of a 3D scour
hole

Ly == F1(Fao)fala)f5(B)f. 4(ﬂf slo ) felF N (o) folT)
(11)

applies for both 2D and 3D scour holes with /(A ) felot)fo(T) =1
for A=3.0; and with Eqgs. (8)~{10) for A=1.50 along with a
linear interpolation between the two for 1.50=<<A=<23.0. Eq. (11)
is subject to the limitations: (1) 0.8=T=10; (2) 30° =a=60";
(3) 4=F j,=30; and (4) A=0.20, in addition to the limitations
for the 2D scour equation. Fig. 8 compares the predictions with
the observations and demonstrates a reasonable agreement of the
data within the margins of essentially £20%. In the intermediate
range 1.50<IA<<3.00, a linear interpolation was applied (see the
following ).
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Fig. 7. Function Z,;/Z,(T) for 2.5<x<3 and 30° =a=60°




~ Flg. 8. Maximum scour depth of 3D scour hole Z, computed and
: mmnurf-d w1rh i.?l]'t hnea




HE Maximum scour

Maximum Static Scour Depth

. ) _ ~a distinctive difference exists
between the “static”™ and the “dynamic™ scour holes. The static
scour hole applies to conditions when the jet low is stopped after
a test, whereas the dynamic scour hole corresponds (o conditions
with the jet How turned on. The latter may not be observed in
prototypes whereas static scour holes may be surveyed after a
Aood.




Figure 1. Photographs of plunge pool scour (45° jet angle) development (a) close to scour mitiation, (b)
close to scour end: view of a test with jet angle of 60°: (¢) dynamic condition: (d) ‘dry’ conditions.
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Figure 2. Scour profiles for dynamic and static conditions for (a) «=30°, Run BW30UBI183, (b) a=45°,
Run WW45UB21, (¢) ¢=60° Run WW60SC67, and (d) «=90° Run BW9OUCSO at times () 1, (--) 5.
(——) 20 mnutes and () ‘dry’ condition. Circles in (a) to (c) show the mmpact region of the falling
suspended material when flow 1s stopped.

40 60
£ 3
(&]
= N
N
20 A 30 A

(@) (b) :

— BW455A14(t=20") WWO0SCT77 (t=207)
BW45SA14(dry) WWO0SC77 (dry)
0 T 0 T
0 25 X (cm) 50 0 25 x (cm) 50

Figure 3. Cross-sectional scour profiles for (——) dynamic and (- )static conditions, (a) a=45° (test
BW45SA14) and (b) a=90° (test WW90SC77).
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Figure 4. Shape effect for maximum static and dynamic scour depths, full symbols represent
unsubmerged, open submerged impact conditions.

Z.=0.752,° =Ea ", 30°<a<90°

where the coefficient £=74 for unsubmerged, and £=/0 for subme




45°BWS
45°BWU
60°BWS
60°BWU
90°BWS
90°BWU
30°BWS
30°BWU
Zs=Zm
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Figure 6. Regression of data for unsubmerged U and submerged S conditions for different angles o
(eq.1).




—0.75

ZS:(0_06T+0.?)-[0.?5-ZE“ | ]Cm

where Z,, 1s calculated with Eq. (1) and. for A > 3.0 (2D case).
czr=1

whereas. for 4 < 1.50 (3D case).
Czsr=1[0.879+0.27424 — 0.008°]-[1.165 — 0.0267]

—Dynamic scour
—— Static scour
— —Original bed level
—Tailwater level

Z [cm]

330.0 350.0 370.0 390.0 410.0

Figure 2. (a) Example of scour due to a single plunging jet. (b) Comparison between dynamic equilibrium and static scour
profiles

o



3D Plunge Pool Scour

Fig. 10. Comparison between dynamic (left) and static (right) 3D s
suspended sediment in the dynamic scour holes.
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COMPARISON WITH PROTOTYPE DATA

. The various parameters needed for the analysis according to Pagliara et al
(2004) were estimated based on Yildiz and Uziicek (1994) and Whittaker and Schleiss (1984),
with the jet air content 3 calculated according to Ervine and Elsawy (1987) and a determining
sediment size dgp of 0.30 to 2 m. It should be noted that this effect 1s relativelv small and does
not lead to a significant modification of the results.

60
Zm, Zs g
(calc)[m] £
3
- -40 o 2 H
3 g
g O
g *e
L -20 < * @ ¢ Z (calc)
] g2 |
@ O Zm (calc)
v
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Figure 8. Comparison between prototype and calculated values of maxim 1unge pool scour in prototype and laboratory
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Fig. 1. Sketch of experimental setup



Fig. 2. Typical scour hole geometry, with notation
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t=1,200s

f=3,400s

t= 3,400 s (static)

Fig. 3. Test T8A30S with F,90=33. a=30° S-jet, sequence of |
photos from =0 to 3,400 s




t = 6.060 s (static)
Fig. 4. Test T31A60U with Fyg=27.8, a=60°, U-jet, sequence of
photos from =0 to 6,060 s
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Fig. 5. Dimensionless scour hole depth Z, (log 7) for: a=(a) 30°; (b)
45°; and (c) 60° (light symbols=U-jets, full symbols=S-jets)

—a— T1EA455
—a— TA0A455
—a— TZ3A4501)
—a—TZ2A450
—— T30A455
e T4 55
== e - TA1A45S
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—— Tdd A5
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— e TEIABOU
e TEZAEOU
—— TEIAGLS
- - - - - TEAABOS

log r

0 4 g8

Fig. 5. Dimensionless scour hole depth Z,(log 7) for: a=({a) 30°; (b
457 and (c) 607 (light symbols=1-jets, full symbols=5-jets)
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Flg. 6. Dimensionless location of maximum ridge height Ly(log T)
for: a=ia) 30° (b) 457 and {c) 607 {light symhols=U-jets, full

symbols =5-jets)

' i Fig. 7. Dimensionless ridge height Zy(log 7) for: ae=(a) 30%; (b) 45°;
- and (c) 60° (light symbols=U-jets, full symbols=5-jets)
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proposed the following expression to evaluate z:

7,=4:2(—0.78 + 51.68a — 150) (15)

where 4:=1 for submerged jets and 4:=1.12 for unsubmerged jets. Furthermore, they furnished two useful
relationships by which it 1s possible to estimate the maximum scour depth at each instant of the evolution process.
Namely, they proposed the following equations:

Lo Zome = log t/logr, (16)
valid for the developing phase (0 < 7 < ;) and
Zn(1)= 2000-41- ¢ 2-log(7/15000) + Z,(r=15000) (17)

valid for the developed phase (7 = 7). Note that Z,, is the non-dimensional scour depth at the transition time 7;. whereas
Zn(t=15000) 1s given by Eq. (11), as Paglara et al. (2008b) showed that the equilibrium dynamic condition 1s reached
tor ==15000 1n the tested range of parameters. Therefore. Eq. (17) can estimate both the developed phase up to the
dynamic equilibrium configuration and the asympthotic trend characterizing the scour depth evolution for =15000
and 1t 1s valid in the same range of parameters of the previous equations.

e Test 1 e

== Test2 —Test 1

. e Test 2

—Test3 [ /] .. ---Test3

5 6 == Test4

=+ =Test 4 Pl P I
o — =Test 5
T ——Transition

— — — —

— - Test 5

—Transition

- S logr
0 g 0 logr
0 4 8 0 4 8

Figure 3. Non-dimensional scour depth evolution for jet inclination of (a) 30° and (b) 60°.
P T | T o I RS o ——



Multiple plunging jets: vertical and symmetric

(a) “ (b) (c)

g 2 T
=T 0.
i i




A

Figure 4. Pictures of multiple (a) vertical (¢;=30° and ¢>=60°) and (b) symmetric (¢.=30° and 0,=60°) crossing jets

-==-Fd90= 8.61 Tw= 0.71
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—Fd90-14.47, Tw=7.1, 75°

A Fd90=8.61, Tw=7.1, 120°
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Effect of Jet Air Content

The jet air content B=0,/0 plays a significant role in plunge
pool scour (Canepa and Hager 2003). It may either be analyzed
with the black-water velocity Vy=0w/ (wD%_J 4) with Dy, as the
black-water jet diameter, or with the air-water mixture velocity
Viw=0yul(1+R)/(wD*/4). The related Froude numbers are F 4,
=V/(g'doy)"™ and Fgq=V /(g dgg)"*. The function f5(B) in Eq.
(1) was determined with the parameter Z,. =7, ./Fiq
=Z/[F g f2(ee)]. Fig. 5 compares Z,,, for B<12 with

f(B)=(1+p)™ (3)

B=04/Qw.

where m=0.75 for the unsubmerged and m=0.50 for the sub-
merged jet configuration, respectively. The effect of jet air content
is (slightly) larger for unsubmerged than for submerged jets. The
provisional equation for the maximum scour depth Z,; due to an
air-water mixture jet thus reads

o 5 10 15
0
Zp=1n/D,=—038sin(a+225°)-F,- (1 +B)™ i B
2<F;<40, 30° =a=90° (4) ® 45 BV U
This relation includes the effects of equivalent jet diameter D, for -.5 045 W U
noncircular jets, the jet impact angle o, the mixture velocity A BOBW-U
Viw. the relative density times the gravitational acceleration & BO VWA U
g'=[(p,—p)/ple between sediment and fluid phases, the grain » S0 BW- U
size dyp, and the jet air content B. Fig. 6 compares the present o G0 VAN 1)
observations with Eq. (4) for the 200 data sets of Series I for both -1 & 90 VAN U
submerged and unsubmerged jet flow conditions. Note that the o 0 BV L
white-water jets were almost uniformly aerated, in contrast to
tvpical prototype jets with a black-water core and increasing air {h} © 30 WA U
concentration from the jet axis towards the jet surface. This effect =-1.5

was considered relatively small. Both the externally aerated high- &
speed jet and jet impact geometries deviating strongly from the |

é - - .
circular cross section must be investigated separately to confirm | Flg. 5. Effect of jet air conlent B on imum scour depth Z,,, for

the present result, however. (a) submerged (S) and (b) unsubmerged (U) flow conditions, (—)

L U I Eq. ()




