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Abstract

Introduction: Coarse-grained porous media, due to the size of particles and pores, causes
complications in the flow behavior, so that the flow in them does not have a layered state
and the Darcy relation loses its validity. In such a situation, the hydraulic gradient velocity
relationship is nonlinear. The coefficients of the relationships have been examined by various
researchers.

Surface water relations, also known as Saint-Venant relations, are among the best calculation
tools governing free surface water flows. These equations were first used in 1871 by
Adbemar Barre de Saint Venant in order to analyze unsteady flow with a free surface, and
after that many researchers applied and analyzed the characteristics of free flows as well as
flow in porous medium by these equations.

In this research, characteristics of steady and unsteady flow in porous environment have
been studied. By calculating the velocity values at each point and plotting the velocity graph
against the hydraulic gradient, the coefficients of Forschheimer's binomial relation were
obtained for different discharge values. By examining the changes of these coefficients, linear
relationships were obtained for the changes of the coefficients against the flow rate changes.

Methodology: In the present study, the tilting laboratory channel of the Faculty of Civil
Engineering, Zanjan University was used. In order to create a porous environment, 1.2
meters of the length of the channel has been selected and separated by two net separators.
(Fig 1). The grading of pebbles used is presented in Figure 2. Also, their physical
characteristics are given in Table 1.

The experimental program of this research was carried out in two sections of steady and
unsteady flow. In the steady part, water flowed with 10 different flow rates from 8.51 to
20.62 L/s. By arranging the coefficients and the flow rates and plotting them against each
other, a function can be derived to calculate the coefficients a and b based on the flow rate.
The graphs in Figure 4 show these functions.

In the next part of the tests, the hydrograph in Figure 5 was passed through the porous
media.Saint-Venant's equations were considered as governing equations and were solved
using the method of characteristics. The equations were solved once by using fixed values
and the other time by using the functions of Forschheimer coefficients.

Results and Discussion: The Saint-Venant equations for the problem were solved once by
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using the average values of the coefficients of Forschheimer's relation and again by using the
functions of these coefficients. By solving the equations, the velocity and depth values and as
a result the flow rate at any moment and at any point of the porous medium were calculated.
Table 3 shows the calculated flow rate error for two solution modes. In this table, the
minimum and maximum values of the input hydrograph are compared with their
corresponding values in the hydrograph at the point of 6 cm. Checking the error values
shows that the calculated error of the maximum flow rate (which occurred at the peak of the
hydrograph) in the case of constant Forschheimer coefficients is 13.36%, which is about 3
liters per second more than the actual hydrograph. In spite of this issue, there is only 2.16%
error in the calculation hydrograph with variable coefficients of maximum discharge. This is
also important in the minimum of hydrograph. So that the error value in the calculation
hydrograph with fixed coefficients has 22% error (minimum of the hydrograph occurs at the
beginning), while the corresponding value for the calculation mode with variable coefficients
is only 1%.

As can be seen in Fig 9, the calculated profile is almost always a little lower than the
observed profile and the difference between these two profiles reaches its maximum at the
time of the hydrograph peak, and then the difference decreases again as the discharge
decreases.

Table No. 4 shows the percentage of the relative error for the observed and calculated flow
profiles at different times. As mentioned, the maximum error among all times and all points
is observed in 400 seconds and at the end point of the profile.

Conclusion: The results of the numerical solution in two cases of fixed and variable
coefficients show that the percentage of relative error in the maximum and minimum
discharge for the case of fixed coefficients is much more than the case of variable coefficients.

The results show that the maximum discharge is smaller as we move along the medium and
also occurs at a later time. The results also indicated that the average calculation error of the
depth at the times of 100, 300 and 600 seconds respectively is 4.88, 8.05 and 9.93 percent.

Keywords: porous media, Forschheimer's Relation, Unsteady Flow, Saint-Venant Equations,
Method of Characteristics.
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do d1o d30 dso

d60

d100 Cu Cc  Porosity

3.943 6.78 9.97 13.99

17.70

54.93 2.61 0.83 0.425

Journal of Hydraulics
19(3), 2024

5



VoY (ol 3k 5 oleoblS o2l

3% ol yg8 sl pitio cal pd 3l eoliiwl (o)

s oo sl |y al cpl ¥ SS slojloges

Sle g slalex 9o loalal) oo ¥V Jgor

Table 2 Coefficients of power and binomial relations

Ol ot S Kagim gloil diad ol g canls oY
ololS o, late ald il el O yg0 4

NS e sl gl ey il 0 (Sdgjue

Q (Is) a B m N 5 Gladox g0 galal) Lacy ;0 g 00l s o iolos]
8510  1.160 23.930 23270 1.779 15 Tl o5 0t anslns Sl o (gl il gala),
10.060 1.178 34337 38419  1.878 i
loauds oo)9| ¥ JSad
12410  1.138 51.084 54537  1.910
14150  1.114 66.052 61.624  1.885 2 5 00d dwle b o0 plad (5l oo o,Lal slocs yo
15720 1.220 83.775 92197  1.952 PN ISURRER < WU SRV PR RR 2 v
17920 1324 105940  98.649  1.904
18.660 1328 116430  109.620 1914
19370 1339 131740  137.670  1.955 Lacs o g (=20 = ylolbias gatal, mll ow)
19.920 1382 143530 149250  1.955 LT oy 3 B 5 gl (3055 po by a5 s oumlios
20620 1397 154190 163310  1.964 i o
1.5 a=f(Q)
12
E 0.9
2 0.6 |y=21.633x+0.9147
3
< 0.3
0.0
0.005 0.01 0.015 0.02 0.025
Discharge (m3/s)
180 b=1(Q)
150 | y=10560x-75.821
5120
e
£ 90
Y
S 60
=
30
0
0.005 0.01 0.015 0.02 0.025

Discharche (m3/s)
Fig 3 A and b coefficients functions based on discharge

@ Sl b sa glacy o U Y S

Tl b G 5 005 (5500 el Giolejl sloal> e
98 31 sl 38l sl eolil 5 Ll 51 e
Seh oS ol edBo b adasd ja 0 Ol Ges lo,lade
Jlsiis b e (29,5 9 65999 30 <l Goe uizen
Sy bl (285 Sl o (gl Ao &0 4

)lf..\JLoU eI -v-v
oals ylas &l Fg,0um b b, ‘Lcou;:..,"l.‘,j g LiSu 5o

A piY b ool jee Jabiie oo 31O S 0 0ul

Pl Sl Bl bz sl (6l el 55Tk

P 3l S 990 B9 00m 38,5 Sl b (Jlzms
o 5l Laools el jglate a .ol ouls oolawl )58l

Journal of Hydraulics

19(3), 2024

6



\Fe¥ }-t’l-; Y O)M ALY 099

Sy yuap

0.6 Q=8.511/s 0.6 Q=10.06 I/s
y = 23.93x2 + 1.1604x y =34.337x2 + 1.1776x
0.4 0.4
0.2 0 0.2
0.0 0'00 00 0.04 0.08
0.00 0.04 0.08 0.12 : : :
V average m/s
V average m/s
0.8 Q=12.41 /s 0.8 Q=14.15l/s
0.6 y= 51.084x2 + 1.1376x 0.6 y= 66.052x2 + 1.1144x
— 0.4 — 0.4
0.2 0.2
0.0 0.0
0.00 0.04 0.08 0.12 0.00 0.04 0.08
V average m/s V average m/s
1.0 Q=15.72I/s 1.2 Q=17.92 I/s
0.8 y = 83.775x% + 1.2201x 0.9 y = 105.94x? + 1.3238x
0.6
o= -~0.6 e
0.4
0.2 0.3
0.0 0.0
0.00 0.04 0.08 0.00 0.04
V average m/s V average m/s
12 Q=18.66 I/s 12 Q=19.37Vs
0.9 | y=116.43x+1.3278x 0.9 'y=131.74x2 + 1.3385x
- L - 0.
0.6 ° 0.6
0.3 03
0.0
0.0
0.00 0.04 0.08 0.00 0.04
V average m/s V average m/s
12 Q=19.921/s L5 Q=20.62 Is
0.9 | y=143.53x2+1.382x 121 y=16027x2 + 1.0814x
0.9
= (0.6 -
0.6
0.3 03
0.0 0.0
0.00 0.04 0.08 0.00 0.04
V average m/s V average m/s

Fig. 4 Hydraulic gradient-velocity graphs for different discharges
ilize slaas sl (eSlee Sy plp )3 (Sdgyen (Lol o loges B S

Journal of Hydraulics
19(3), 2024
7

0.08

0.08

0.08



V¥ ol )3 5 oleebslS (2o

3% ol yg8 sl pitio cal pd 3l eoliiwl (o)

25
20
=15
=4
10
5
0 100 200 300 400 500 600 700
Time (s)
Fig. 5 Entrance hydrograph
©93y5 SIS0 O S
80
70 x=6.5 cm
.......... x=126.5 cm
I A N — x=176.5 cm
o 0| /e - = = x=206.5cm
=
2 40
& | LT
30 ”I \~\\ ....................
........... ,,” re " "~ N ~~‘\--‘m__“
20 ,a‘-——-” _ 7 4 - - N - himadab b DT S - -
10 ~--"" T T e
0
0 100 200 300 400 500 600
Time (s)

Fig. 6 Depth changes in different points of porous media within test time
Gialel ooy (b 53 Je Lsms Gilidea slaakais 5 Gos slo i # Y50

oot l £S5 > ool 5 Siangey (slaaloles j) il
S5l 5 S sladlsle ©)j90 (nl 28 )5 290 o0
BUod Uy s ans so s 4 s b6 b
5 gz lpadoles I g geoln IS5 aloars )8
il slaadolas .0 ,5] oy |y &S > o]
a5 slaJU 0 sz wlr ol | ciligein

2,5 Ol g Syge

ov v oy _ _
E+va+ga—g(50 Sr) (3)

Cilig Cow dolo soue o -F

oSl sbalolee -\ F

3ol el s Ebgiin slaatal, ;i oslizl
ol gl Sl Gliie (o 3 slalae
gadaly s 5lojlsan Gl gylre yo Gl ogs sl
gl g o3l wl (65, g &5 > ojlail (( Kiwgn ol
5 Gos b S 5 oo b bz Lol slossie 92
s YU saobae ds 51 alolas 50 ol s

il (65,51 DLl (ol Som oS oo colas o

Journal of Hydraulics

19(3), 2024

8



\F.¥ }-g-"l{‘ Y o)l.o.{;') ALY 0y99

Sy yuap

o sleadoles 1 6,5 X0l o jo a5 conl
Jsb s ¢ g Lasil e 5 L Sy slaladie 0u
50 a8 Wloals 48,8 Jlai 0 <ol SP SRP slakasoly
Gl 1) asS o log s calboly a8 g0y Adly
At 5 A s jlade (sl Slowle slaz 5l (5 S5l
J=lod Gl (Sile & Wed DLl (658555 solasl
@ lize gla At g Ax Jlado U Lagwly, cds connlus
bgslmwoslw (52 9 s =SSN L gt ()
=Gy Ve Criyr ¢V, o laie gl p3Y slaalka,
s C B 4 glaalss o C oy ¢V slalode o

At
Ve—7:(€CaVc—CcVa)

T 1+(Ve—Va+Ce—Ca)ge ®)
_ Cc—Vkﬁ—;(Cc—CA) )
T 145k(Ce—Ca)
At
YR =Yc = 5, (Ve + CRY (Ve = Ya) (10)
At
= Ve—37(CBVc Cc-VBA)t (11
1+(VC_VB+CC_CB)H
At
Cc—Vsz(Cc—=CB)
=g 12
ST 1 ce—cp) (12)
At
Vs =¥Ye = 5. Vs = C) (Ve — yp) (13)
1 1
Ve =~ (Ve = Vs) + (C + Cs) — 5 gAL(Spp +
Srs) + gAtS, (14)
(15)
1 1 1
Cp = (Vg = Vs) +5(Cr + Cs) + 5 gAL(Sps — Spr)
I 2
yp = % (16)

Jols o 5 e sloakais g1y (V) b (VF) (slaalas]
Sl 959y LB & il 5 SVl (65 50 a0
6))_A .b)_w o‘)_.o.b a (\/\) 4_,44‘) Cwd U")l_) 6‘)4

g oolauwl Cewd ol

yZ+vZ+ 2= 4)
Sopbarz Gy Oz S vV nalail, ol y3 oS
il X 055,00 Ghol,F L s Sp (JUS S s
Sheailee S8 adle oles g by t e JUS Jsb o
Bl oy Jelos cuz el )l (n 5 ol o
095 Olayz 55 4S5 0o (65 b ol e dlxe

oals s () gadal, &g an J e slalasre

2
d(h+z+ r 2j
2gn

S, = 5
7 I (%)

3l Jsdseie a¥ @S gl |z o)l > Bes th ] jo A
Lo J 53w m L g,elh ce i V die b3
slosds )L\Jm ‘J_zl.x..a sllasw 090 ul_,)} iy
OloSen 9 099 52l 500 slaakes b aglie )5 o
b cod glgs o cdl ol jo 0,8 i B0 Q] 3

28,5 k50 (Slgyaee (Lol S Jolee | (555

D9 50

sasuive alolee ~Y—F
5 5 Ol |y cbgiin sladlslee > slagts,
SS9 g0 Gl S wws
S aS Laaasiin o by, 5l GReeiy 0l 5o
mcie laatsbe o (gl eoed U gous slaiss,
55 40 S Lo sl Jolno azeliz ol o oaliil il
$oaliil b 5 oot s Jgane il yigo dlbre i
slagimie azsliz Wgd oo J> ogazme SIS iy,
oS oy 4 slmalais | S 51 ezt
e 9 p3lme aSeh laakak jloadoly sla e
cligei claalsles 5l oSS s, ool ool

Cwlddasin g9,

Jodv + [ 2dy = g [, (So — Sp)dt (6)

yav—f;2dy =g [ (So—spdt D

Journal of Hydraulics

19(3), 2024

9



V¥ o655k g (Ll (2> e 39 yoalaeds y98 gadaily o el pd 3l osliiwl (o)

sl L3, (08) alal, s 65 40 (Vo = Vs) = 2(cp — ¢5) = gAt(So — Ss)  (17)

de < |2 (Vo =Vg) = 2(cp —cr) = gAt(So - SfR) (18)

viC

(19)

Cx g o -0
oy O =[Gy 5 Oz com Voakl, nl o o8 &

il e d o LoTL» S ol s e .
SR ol @ Galesl ol jo ead Cud (6995 Gos

o azg b uores b oolatw! CawdVl (g5 Loy,
slejloie Hlgf oo e Jama 4 (639,9 Sl 59,000

A g 00 i dwle | adamd s y0 CewaVl Ho e

alal, slaco, o b wgie sba,loie 5l solaiwl Ly
el ) Sl oslisad b %00 L 5 serlechysh
10 9 3—of 9 8w polie Laatoles J= L wiois J>
b ladas j o j0 g alexd 2 50 0l (20 4SS
Saddle (20 Lot ¥ Jouzr ol arubre Jolice

Bos 8,8 o hal o CewdYl g, byl S0 lgxe
slab b alex 5l 50 st lanome 5l 0L 2 (295

Jsiz oyl o aims o sl > clls 90 (gl | Ols=e an OV) alayl, 515 00 bl caws il 55
9= o=l e O P S

A 8,5 0,8 Cewd ol gy b o
L?é"ﬁ)s ‘—é‘;ﬁ)‘ B Al ,.“39“ A{ 6‘-‘5)‘ . )5 Pasd ORGSR J‘“’J‘i’

dxg dt ags sbo,loie goue Jo cwlal Jule Ko
31 sl yin aials L laadolas gl cnl 5o ailse
dt=0.001 s sla,laie Ll ,o a5 wl o baasawl 3 oyl

o gile £ alais o BIF g 00e jo o] bl sl jlade
oadais a5 cl g yglols oY ul oo duslie
u_:‘ ) 03— u_u 6Lb)‘..\4a 0‘5_)&50 9 u.a‘ )‘ ML’LSA

2,5 dlaeld 539, 81,55 000 Jolee | alass

ooliiwl 0,50 4ty o jlate flgie 4 dx=0.01 m 4
Aol slaJole alox 5l il y5S s b ps pizmen 0l
ool byl alaisd p o o dulre Covo 0aiiS S

e g ol Slac ;o Sl 9o 3 Gabarubre SIS g 0 sl (o gla 0oy ¥ Jgua
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