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The contrast in bed roughness versus apron roughness has, until recently,
received insufficient attention, despite its significant role in causing
downstream scouring. In this study, a validated numerical model has
employed to investigate the impact of apron geometry, including its
roughness and length, on downstream scouring. In present model, at first, the
model was calibrated by simulating a physical model that investigated the
scouring downstream of the apron under the influence of changes in apron
roughness, particle densimetric Froude number, and gradation. Then the
effect of changing the apron length on the maximum downstream scour depth
was investigated numerically. Finally, a relationship for the maximum scour
depth was proposed by using all the numerical model outputs. Selsby-
Whitehouse equation was determined as the best method for calculating the
critical Shields number, and the best results for the numerical model were
obtained by selecting the bed load coefficient equal to 13. The comparison
between the model outputs and the physical model results yielded
satisfactory outcomes, demonstrating that the model can predict over 80% of
the laboratory data with an error rate below 20%.
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EXTENDED ABSTRACT

Introduction

Most of the studies conducted on scour
phenomena resulting from the presence of
vortices and severe turbulence due to the existence
of hydraulic structures, the occurrence of
hydraulic jumps, insufficient dissipation of Kinetic
energy, or the water jet outlet. This happens while
in the downstream horizontal aprons where there
is no difference in water head between the
upstream and downstream, or no turbulence
resulting from jumps exists; due to the different
roughness of the bed compared to the apron
roughness, scouring also occurs. Therefore, the
aim of the present research is to numerically
investigate the difference in apron roughness and
bed material on downstream scour. Also, the study
of the effect of factors such as the particle
densimetric Frude number on the scour level using
the numerical model generated in FLOW-3D
v11.04 software is another goal of this research.
Furthermore, after validating the numerical
model, the effect of the length of the apron on the
sediment pattern was also examined.

Material and Methods

To investigate the scour condition downstream of
the apron, the research was conducted in several
stages. Initially, the numerical model was
sensitivity-tested for mesh dimensions. In this
stage, the results of the experimental model by
Knight et al. (1984) were utilized. The optimal
aspect ratios in the perpendicular directions X:Y,
Y:Z, and Z:X were determined as 6:0.4, 1, and
6:0.4, respectively. Here, X, Y, and Z represent
the longitudinal, transverse, and vertical
directions relative to the channel bed. It is worth
mentioning that finer meshes were employed in
the apron and its downstream area, and thus, the
specified aspect ratio of 6.04 was limited to 1.5 in
the study area. Additionally, the k-¢ model with a
root mean square error of 0.062 was chosen for
turbulence modeling. Then, based on the
dimensional analysis conducted in this research,
Eq. 1 was proposed for the maximum scour depth:

L= £ (%0, B0 L) M

&

ds, ¢ dso, L, and Fr* represent, respectively, the
maximum scour depth, apron roughness, apron
length, and the particle densimetric Froude
number. Following that, the numerical model was
calibrated for various values of empirical
coefficients associated with the software, and
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subsequently validated. In this stage, the
laboratory study by Koochak (2012) was
simulated. Boundary conditions including
specified velocity, outflow, and symmetry were
considered for the upstream, downstream, and
flow surface boundaries, respectively. The wall
boundary condition was applied to the channel
walls and bed. The values of maximum packing
fraction (Cmax), entrainment coefficient (Ec), bed
load coefficient (BDL), and angle of repose (¢)
were selected as 0.45, 0.018, 13, and 32°,
respectively. The critical Shields number (Oc)
was calculated using the Soulsby - Whitehouse
equation. Subsequently, the calibrated numerical
model was employed to calculate the maximum
scour depth downstream of the apron by varying
its length. Finally, based on the accumulated
outputs from the numerical model, an equation for
the maximum scour depth was proposed. To
obtain an accurate relationship for the introduced
function in Eq. 1, the SPSS 26 software was used.

Results

In the physical study conducted by Koochak
(2012), all experiments were performed for an
apron length of 0.73 m. In this stage, the
numerical investigation of the effect of apron
length on the maximum scour depth downstream
of the apron was carried out. For this purpose,
apron lengths of 2 m and 2.5 m were utilized.
Table 2 illustrates the calculated maximum scour
depths in this examination.

Table 1 The maximum scour depth calculated by the
present numerical model downstream of aprons with
different lengths

Experiment  Apron length in Apron ds-N
2 0.73 2 34.31
2 0.73 25 30.14
5 0.73 2 27.26
5 0.73 25 25.88
8 0.73 2 24.81
8 0.73 25 24.60

11 0.73 25 25.14
15 0.73 2 35.59
18 0.73 25 28.19
21 0.73 25 26.05
24 0.73 2 25.35
24 0.73 25 24.27

In order to derive the equation related to the
function defined in Eq. 1, the overall outputs of
the calibrated numerical model, as well as the
outputs related to the effect of varying apron
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length (Table 1), were utilized. In this regard, Eq.
(2) was derived with R?=0.94 and RMSE=0.86:

ds/e = Fr*®” x (Dso/€)125 x (L/€) 016 x
0.045 (2)

The comparison of Fig. 1 demonstrates that Eq. 2,
with and without the exclusion of six outlier data
points, can predict experimental values with root
mean square errors of 0.859 and 1.3, respectively.
Additionally, Fig. 1 corresponds to an absolute
percentage error of 0.09 and 2.5, respectively,

when considering the mean.

45
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Fig. 1 Comparison graph of d, /¢ values calculated vs

the values measured in the physical model of
Koochak (2012)
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Conclusions
1. The best criterion for defining the Shields number
is the Soulsby - Whitehouse equation, and there is
no need to consider corrections related to changes
in bed slope.

2. Considering the values of Cnax, Ec, BDL, and 4,
equal to 0.45, 0.018, 13, and 32°, respectively,
yielded values closest and most suitable to
experimental results for calculating the maximum
scour depth.

3. The proposed equation can predict over 80% of
experimental values related to the maximum scour
depth with an error of less than 20%.

4. The length of the apron significantly affects the
maximum scour depth occurring downstream,
with an increase leading to a reduction in scour
depth. Additionally, with an increase in the ratio
of apron roughness to bed roughness, the impact
of increasing apron length on scour depth
decreases. This effect diminishes with an increase
in particle diameter.

Data Availability
The data used in this research are presented in the
text of the article.
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Table 1 Characteristics of Koochak (2012) study experiments and reported values for maximum scour depth (ds)

No. dso (mm) & (mm) Fr ds (mm)
1 3.04 28
2 2 3.35 39
3 3.77 59
4 2.87 21
5 5 3.3 35
6 3.91 61
7 0.8 2.87 18
8 10 3.3 33
9 3.89 53
10 2.67 14
11 14.28 3.23 25
12 3.87 50
13 2.54 14
14 2 2.78 19
15 3.01 41
16 2.68 12
17 5 2.82 16
18 3.01 35
19 14 2.49 10
20 10 2.53 13
21 2.94 30
22 2.37 0
23 14.28 2.68 12
24 3.06 29

dg *
_:f(dSO/er;' ,Re,y/g,GS) QD)

e
LY 5 5, 20 R iy )3 (o JB BS a8
5 G8 laie a5 ol asaz il sl a0iS (59, bz Ges
72U aaxgl g 0 ool Koochak (2012) sla jisle;l
e 5 i o Re 9 GS sl yeaie e il (005
ol 5by> Ges aSbxl;l Koochak (2012) ks elul 5
b pelas Slaissee 0,5 39,8 sue b casliie wndiS (o,
Bo 9 (Sctnia] (Bos iy (o casuie bLS ) 45
() alal, gy i oomlie calie clacey) o o

: (Koochak 2012) s,5 aods (V) akul, &0

dg .
?=f(d50/8:Fr) 48

3 el ol 6y g Jobo Jols adiS” awaia (IS by
43,5 ool Jsb 56 Koochak (2012) solal Julss

S Jsb (53,5 a5 5 polo gy Slaal I Sy o

4 Wall
5 Buckingham’s IT theorem

Environment and Water Engineering

hlys 5 ol S50 adrgl goue glagiloawe o
ol 55 ol oV Caranl SIS (6550 sl s aline
T 57 g, Olz & ol e s (650 Ll gy
Oz gl 5 Candily §pe sVl 550 Sl i 4
a5 5l 50 JUIT S g Laelgns slp To )l (650 by g
30 Cyeizrad g oloul boylgs o b ,m jhs S ol
webaizl sS4 alflas Sob SO U awais cay a5
s ol sl S0 g5 (V) Jgur ell 2 g 8L

ol 3T -
Koochak  ags j0 48,58 50 solal Judos ulul 5
B g alal, CeleSiSl o (655 5l solial L 5 (2012)

Q)}o 4 J..uus wduﬁb ‘; "‘3] d—‘%‘: Ao Lg‘)‘f

2ol Caws a0 (V) alal

! Specified Velocity
2 Qutflow
3 Symmetry

Vol. 10, No. 4, 2024

(»

{

\
r.

VE

VF.Y QL.MA.Q) ¥ O)Lo.ai.v AR 0,99


Admin
Typewritten text
531


oYY

VEY oS 5 (S

Ly, YAISF 5 VAA S cpns sl oo 53900 55 VAN
svbe 4 pole hegh po walb w1 s oo
SRS
BIH) ol o 42 JUIS L o b gt slo e
s ol olas ok YYYF IS Lo 5 VIVY L,

BTN ST O ) R VRGOV e S OWILUOw] e =

S5 508 Gialesl a6l (s0ae (5le Jae mi el

al
OhRR o a5 00 saxie lagileand wazgly
KXY sl oo oges Sl ) ainge olal s 51>
Y X s s 710 F oV F1 Y sy XY Z
20908 5 1228 1 Job bl oo lis iy 4 Z
Sl lBle 5 Alewgar oadiolpiiy e aites JUIS S

30 aSepl adrgl caol ¥ U Y o 00l SO slcas
JUS Jsbo Vgonn 5l slaJUl5 5o ol g s3lae
S (52,5 ,08000 sl ] Gos g (2ye 5l ke
oz Sodds X gliwly gl l58le 5 Lawgs oodoloiins
e a5 cwl Jb jo cpl o YU ) Slesle
A WV Slaslre px> pol> iwgh [0 cadoleiin
sl gl 285 53 (2 B b Sl g 05 S
Slp 80 glcaws a5 cawl SEoLle ok
AidS 83l o, adlal b aid S 00 (g0 sl s le Joe
hol 505 Sl aazgl &5 (gme poy Eblo (Glnks
83505 ;3 g dedS Cewd il (Kol ol Aalllas
oslitl (55, slaganaSid I ol Cawspdl 5 anas
4 00,53 £/ F sac anllasd ge 80gamme o ol by ol
VORI Yo P CEOR CNEE SV SRWIRPRC PR VA
C/z) o SBp G5 oSl & jm A
Joe 5l eanlcawoas 5 (piole;] IS 50 ool (5 uSo0;lail
Oygo cilise Sianl slaae 5l eolanl b pol> goae
5,lg00 51 ,la50 g0 dladi AlolBY (V) Ko j0 () JSK0) ¢85

Ll JU 5,2 B g JUIS

Environment and Water Engineering

Judos Mol b cplpls g o] 2ol 5 (V) akasly o (L)
o 45,1 (V) alal, Koochak (2012) solel

% =f (dso/g'Fr*rL/g) )

o ibw o Jolw -Y-Y
GRS S Sl (Sl Copndy sy sl
@ S g0 Jae il )3 1885 Ojge al e iz o
aaz gl o] 5l ey S el aaSl ol
il (6 Sy o L (Sl ) sl 45!
@lp @it polie ghilay goas Jow g l38le 5 5o (025
3 e 28 (Ll aalsl )3 g (il o5 Sl o
Gt dindes dsbre lp oud mwly goae o
solitul oy Jobo pas b lnancaS cows sl 5o Gi,.m.wﬂ
o] sy Sl 25,5 ggamme 5l ool b cculys jo 0l
Sl 5
0dd Byre &l gl 5a8s Al O yglcamods jglaieds .o
Lty cpl o .ol eolaxwl SPSS 26 1581s 5 51 (V) dlayl, yo

2l Gos aing sl sldoles (go0e o

3 oy 5 A o Sl ke BLS (63l i b
At dinty GLOIP 5l p (S © g () Al
3150 (Ko pizmed el Cawons as o 58 L ala
4 alin Laly) plo (e cnlio dail) 3,5 by sloel,
iy Ay (B b 3 pol> g )0 el l38le 5
ovy el l8le 5 4 Koochak (2012) dallas ;o e
Cansddy dlayly 8o 0 Vb &y ymie (g, (nl b ol
DS 8 b, 5l el

G Al Sl 4 G (i ol —)-Y-Y
Knight et al. _alile;l Joo mli 5l d> e opl 5o
Sl Jeols bl eolaul b las] .o solawl (1984)
M Jsb b Lbatas JUS SO 55, » daste slagiales]
2 S Ll o o)l g s by jiie (50 N0
i 1) &5 5 olar bawgie (hp AT S
50 dEasle;l sols YO 51 oolawl Ly oLyl ool

Y o BIH) (L > Ges 4 JUIS 6,6 S B3gasme

Vol. 10, No 4, 2024

[

EWE

VF.Y QLMMA) ¥ O)Lo.afé AR 0,99


Admin
Typewritten text
532


oYY Cewdymly Sy .Tﬁ AoaS dwdis )ﬁ.,b

1.2 ()
° °
° °
'b
o e
0.8
S /
e/
0.6
0.4
0 0.2 0.4 0.6 0.8 1
2y/B
1.2
(<) -
B Y
R i e R T Sl
y
7/ °
|ﬁ 0.8 ,’
S
o/
06 |
0.4
0 0.2 04 2y/B 0.6 0.8 1
1.2 a
(C) A\ O
1 —e— 0t ETe_ - S
< ¢ -
£ 08 7
[y
°
0.6
0.4
0 0.2 04 0.6 0.8 1
2y/B

Knight et alfa,lejl Jaw m JUS (252 50 (T /Thy) s (odyp G5 5ol 41 i (o2 G5 o dungllia =) IS5
RNG -z s k-& -0 k-0 ~cal : Szl Jas 5l oolital b (cuzlas) pol> gose Jow g (o pls) @l. (1984)

Fig. 1 Comparing the ratio of bed shear stress to average bed shear stress (t,/T,) across the channel between
the laboratory model of Knight et al. (1984) (circle) and the current numerical model (dashed line) using the
turbulence model a) k-0, b) k-¢ and ¢) RNG
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Table 2 Parameters related to the sediment scour part of the FLOW-3D software and their default values

Parameter symbol Parameter defenition

Default Value

Critical Shields number definition

Ocr (Prescribed value or Soulsby-

Whitehouse equation)

Prescribed value (0.05)

Maximum packing fraction 0.64

Cmax

K Bed roughness/dso ratio 1

S

Ec Entrainment coefficient 0.018

BDL Bed load coefficient 8

4 Angle of repose (Degrees) 32
Local adjustments of critical

LoA Shields number for slope effect No

10 Loyl Sl 45l oo ke 4 bogrye (F) gor
bs ooty (Sotsl (o (pwgume ydS (miuly al> e
Slaslie g gode @S o Fom S Coge
polie o5 5 a4 OS-E 5 dS-N Jso ol jo 0 ool
5 ©oae Jae yo (Siwcio] Gos aicin slp sdnlcassa

(V Jgaz) Koochak (2012) Y¥ &,Leis ale;l 5l dal o
@ boye oo B8 s polas Laas Lol colasul
Bos Alden Hlade oV J592) sw, Glleyd i
LS50l 5 dlewsas (VY/A0 MM) sobdmle  Siacial
Sl (V Jea) (Sopd Joe j0 ool (6 pSoslul laae

els orwly a5l goae Jae az jo .audly ol

(Koochak 2012) Y¥ o,leis iolejl b bgs o (s83e Joo ey bl - Jgax
Table 3 The results of the numerical model calibration related to experiment No. 24 of (Koochak 2012)

O Crax ks A BDL (Deg‘fees) LoA TE;‘)‘E ds=N (mm) (dnf;r'f)
0.05 0.64 1 0018 8 32 No 20 1295

0.05 0.64 1 0 8 32 No 20 13.50

0.05 0.64 1 0018 5 32 No 20 8.41 29
0.05 0.64 1 0018 8 45 No 20 12.95

0.05 0.64 1 0018 8 32 Yes 20 10.91

(Van Rijn Ceul s b5 F00 5 ¥+ 514 lade pizeon
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Table 4 The results of the numerical model related to experiment No. 5 of Koochak (2012) by recalibrating ks

Ocr Cinax Ks Ec BDL (Degﬁees) LoA TE;')]E ds-N (mm) (C:TS.I;LE)
Soulsby-
Whitehouse 0.45 6 0.018 13 32 No 20 28.10
Equation
Soulsby- 3
Whitehouse 0.45 10 0.018 13 32 No 20 35.09
Equation
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Table 5 The maximum scour depth calculated by the

present numerical model downstream of aprons with
different lengths

Experiment  Apron length in Apron ds-N
Nn ralatad lannth in (mm)
2 0.73 34.31
2 0.73 2.5 30.14
5 0.73 2 27.26
5 0.73 2.5 25.88
8 0.73 2 24.81
8 0.73 2.5 24.60
11 0.73 2.5 25.14
15 0.73 2 35.59
18 0.73 2.5 28.19
21 0.73 2.5 26.05
24 0.73 2 25.35
24 0.73 2.5 24.27
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Fig. 2 Comparison graph of % values calculated vs the values measured in the physical model of Koochak
(2012)
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