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SYNOPSIS

A mathematical groundwater flow model has been developed to predict
the exchange of flow between a partially penetrating river ‘and a homogeneous in-
finite aquifer. The model considers the changes in river stage and corresponding
changes in river width. Given the values of aquifer parameters, the transmissi-
vity and the storage coefficient, the saturated thickness below the river bed,
saturated thickness far away from the river, the initial width of river at the water
surface and depth of water in the river, the model can predict the exchange flow
rate between the aquifer and the river consequent to passage of a single or seve-
ral successive floods. From the study it is found that in case of a partially pene-
trating river the exchange flow rates are reduced significantly in comparison to
those of a fully penetrating river due to river resistance. In case of a partially
penetrating river the peak inflow tends to occur simultaneousiy with the occurre-
nce of peak stage. It is found that about 25% of the aquifer recharge comes back
to river after the recession of a typical flood. A five times increase in river width
during the passage of a flood may cause the maximum ‘inflow rate from river to in-
crease by two times in comparison to the maximum inflow rate from a river whose
width does not change abruptly.

1.0 INTRODUCTION

The stream aquifer interaction process has been examined in some detail
in recent years. There are two main aspects of this process: i) the flow from
the aquifer to support river flow, and ii) the flow from river to the aquifer.
When the river stage rises during the passage of a flood, the upper aquifer is re-
charged through the bed and banks of the river. A single aquifer river inter-
action problem has been studied analytically by several investigators (Morel-Seytoux
and Daly,1977, Todd,1955, Cooper and. Rorabough,1963) for finite and infinite
aquifer. The expressions for aquifer recharge in the time of varying river sta-
ges have been derived by these investigators.

Cooper and Rorabaugh (1963) have studied flow into and out of the
aquifer of finite length, L, in response to changes in river stage of a fully pene-
trating river. They solved one dimensional Boussinesq's equation under the con-
ditions

H(x,0) =0, 0sxsL; == (L,t) = 0, t20;

and
for 0stsT

H(0,t) = {NHO (1-cos wt)e™®
0 for t>1
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where H is the rise above initial water level in the river, T is the duration of the
flood wave (w=27/1t). d&=w cot(O.Swtc) determines the asymmetry of the flood

ot
e ¢

————— adjusts all curves of
1= coswt

wave, t is the time of the flood crest, and N =

a given ¢ to peak at the same Ho' The solution has been carried out in two steps,
one for t<t and another for t>1 . Cooper and Rorabough have also solved the

Boussinesq's equation for a semi-infinite aquifer, (L=«), excited by a symmetri-

cal flood wave (8=0). The analysis, made by Cooper and Rorabough, is for a
fully penetrating river. Therefore the influence of the river width on river
aquifer interaction cannot be ascertained from their analysis. Morel-Seytoux and
Daly (1977) have analysed the river aquifer interaction problem for varying river
stage in a partially penetrating river. Assuming that the exchange of flow between
a river and an aquifer is linearly proportional to the difference in potentials at the
periphery of the river and in the aquifer below the river bed or in the vicinity of

the river and accordingly making use of the relation Qr(n) = I‘rtcr(n)—Sr(n)],
in which Fr is the reach transmissivity, Gr(n) is the river stage measured from a
high datum during time n, Sr(n) is the depth to piezometric surface below the

river at time n measured from the same high datum, the following expression for
exchange of flow between a partially penetrating river and an aquifer has been de-
rived by Morel-Seytoux and Daly:

t
Q (t) + I‘ f Q ('l:)k (t—T)dT = Gr(t)

where krr(') is the reach kernel (Morel-Seytoux 1975). The above expression is

valid for the case in which the interaction is taking place through a single reach.
In case of several pervious reaches the generalized equation has been given as

R t
Qr(t) + T pE] OIQ ('E)k (t—T)dT=Fr Ur(‘t)

where R is the number of reaches. The above relation is a system of R integral
equations to be solved simultaneously. Discretising the time parameter and assu-
ming the river flow to be uniform within a time step, the following solution to the
above integral equation has been given by Morel-Seytoux and Daly:

R n
Qr(n) + I' z z 3 (n Y+1)Q (Y) = F U (n)
D=1 Y=1
in which
! a2 ¢d2
= rp
arp(n) B 4'-'TT[E{ 4Tn } - E{ 4T (n- 1)} ]
r=p

i e PR G S
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storage coefficient, T = transmissivity, a = length of the river reach,

¢
b = width of the river reach, drp = distance from centre of the rth reach to pt

reach, I, = reach transmissivity of the pth reach, and o (n) = river stage of the

1}

o0 reach during time period n measured from a high datum.

In the analysis presented by Morel-Seytoux and Daly the river width
has been assumed to remain invariant during the variation of stage. During pa-
ssage of a flood, the stage as well as the river width change. It is therefore
pertinent to analyse the river aquifer interaction during passage of a flood incor-
porating both the changes in river stage and width.

2.0 STATEMENT OF THE PROBLEM

A schematic section of a partially penetrating river in a homogeneous
and isotropic aquifer of infinite areal extent is shown in Fig.1l. The aquifer is
initially at rest condition. Due to passage of a flood, the river stages change
with time. The changes are identical over a long reach of the river. The width
of the river changes with change in river stage. The change may be gradual or
abrupt. It is required to find the recharge from the river to the aquifer and the
flow from the aquifer to the river after the recession of the flood.

3.0 ANALYSIS
The following assumptions are made for the analysis :

i) The flow in the aquifer is in horizontal direction and one dimen-
sional Boussinesq's equation governs the flow in the aquifer.

ii) The time parameter is discrete. Within each time step, the
river stage, width and the exchange flow rate between the river
and the aquifer are separate constants but they vary from step
to step.

iii) The exchange of flow between the river and the aquifer is linear-
ly proportional to the difference in the potentials at the river
boundary and in the aquifer below the river bed.

The differential equation which governs the flow in the aquifer is

2
T8 = 428 )
ox
in which
s = the water table rise in the aquifer, T = transmissivity of the aquifer,
¢ = storage coefficient of the aquifer.

The aquifer being initially at rest condition, the initial condition to be
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satisfied is :
s8(x,0) =

The boundary conditions to be satisfied are :
s(tw»,t) =

At the river and the aquifer interface recharge from the river to the
aquifer takes place in a manner similar to that from an overlying bed source to an
underlying aquifer through an intervening aquitard. The river resistance and the
aquitard resistance are analogous. The recharge, which can be assumed to be
linearly proportional to the potential difference between the river and the aquifer
under the river bed,is to be incorporated at the river boundary.

The solution to the problem has been obtained making use of the basic
solution given by Poluborinova-Kochina for rise in water table due to recharge from
strip source and following the principle of superposition.

If the recharge takes place at unit rate per unit length of the river
and if the width of the river is 'W', the rise in piezometric surface at distance x
from the centre of the river would be as given below (Poluborinova-Kochina,1962):

[x + 0.25 W 1

s(x,t) = F(x,T, ¢,W,t) - e
for |x| < -zvi
= F(x,T, ¢,W,t) - ‘;’,‘r
for |x|> -‘; D
in which
F(x,T,¢,W,t) = 2¢w[erf{w} ~ ep{ X20-5W 4,
Vot VAot
vat VEat
2 2
o L0 i 5W) expl - HOBWY 3 (o0 5w} expy- XTO5W (g
2TWT T i
o = T/¢,

width of the river, and

>
]

‘distance measured from the centre of the river to the point of observation.

Let the rise in piezometric surface at a distance x from the centre of

th

the river at the end of n™" unit time step due to recharge taken place all along the

A Vi S TR
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river at unit rate from unit length during the first time step in which river width
is W(1), be designated as 3[x,W(1),n]. The coefficients can be expressed as :

9[x,wWw(l),n] = F[x,T,¢,W(),n] - F[x,T,¢,W(1),n-1] @)
for n>1

2
9[x,W(1),1j = F[x,T, ¢,W(1),1] - /(23;)

for |x|>W(1)/2

L 1 pete? 2
o[x,W(1),1] = FIx,T,¢,W(1),1] - gagepy [0-25W7(1) + x7]
for |x|<W(1)/2

Dividing the time span into discrete time steps, and assuming that, the
recharge per unit length is constant within each time step but varies from step to
step, the rise in piezometric surface below the centre of the river due to time va-
riant recharge taking place through varying width can be written as

n
s(0,n) = I q(¥) 8[0,W(Y),n-Y+1] (5)
2= T

in which q(y) is the recharge rate per unit length per unit time which is taking
place through a width of W(Y) durint time stepy.

The recharge that occurs during nth time-step can be expressed as

q(n) = - T (m)o(n) - s(0,n)] (6)

in which,

Tr(n) is the reach transmissivity. The river stage, o(n), during the passage of g
flood measured from a high datum is given by

o(n) = g - NH_(l-cos m«))e_ndS (7

Ho is the maximum rise of water level in the river during passage of a flood.

The depth to piezometric surface in the aquifer below the river bed is given by

the relationship

n ;
s(o,n) = o= L q(y) o[0,W(Y),n-Y+1] (8)
Y=1 ;

Substituting s(0,n) and o(n) in equation (6) and simplifying
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n
aw_._. 3 q(Y) 3[0,W(Y),n-Y+1] + NH _(1-cos nm)e*mS (9)
T (n) = (6]
r Y=1
Splitting the temporal summation into two parts and rearranging
-né n-1
NHO(l—cos nw)e - I q()9[0,W(Y),n-Y+1]
am) = = (10)
1 :
@ AL Wm,l

q(n) can be solved in succession starting from time step 1.

4.0 RESULTS AND DISCUSSIONS
Exchange of flow between the river and the aquifer consequent to pass-
age of a flood has been presented for the following cases :
Case 1 : Change in river width is gradual with change in river stage.
Case 2 : Change in river width is gradual during low flood and the width
abruptly attains a high value during high flood.

The width of the river for Case 1 corresponding to any stage has been
determined assuming that the cross section of the river conforms to part of a circle.

For numerical computation the follwing data are required :

i) Initial saturated thickness at large distance from the river

ii) Initial width of the river at the water surface and the initial
depth of water in the river

iii) Thickness of aquifer below the river bed

iv) Storage coefficient, and transmissivity of the aquifer
v) Time to flood peak

vi) Highest river stage during passage of the flood

vii) Duration of flood

viii) Width of the river in case the width changes abruptly.

In case the river cross section is irregular, the cross section for each
stage has to be assigned for numerical computation.

The reach transmissivity constant which changes with change in river
width has been evaluated using the following relation given by Bouwer (1969)

Km
[(n) = (13)
r loget(f‘e:(i))] + 0.57L

(et+d)
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The distance L specifies the zone of influence of each side of the river
and it has been assumed to be b(n)/2 + 200m. The wetted perimeter, w.p., and
the characteristic length, L, change with change in river stage.

The variations of Q(t)/[O.SHofﬁ-mT_] with Kt/(2¢ E) are presented in
Fig.2(a) for three different durations of flood. The dimensionless exchange flow
rate term, Q(t)/[0.5Hom I, has been formed following Cooper and Rorabaugh.
The time to peak Ktc/(Z ¢E), for each flood has been assumed to be 0.015. It
could be seen from Fig.2(a) that, corresponding to T/t o= 6,4,2, the dimensionless
peak inflow rates are(.62, 0.515 and0.365 respectively. These difference in
nondimensional peak discharges have been imposed due to difference in T, the du-
ration of flood. If one replaces T by tc in the dimensionless peak discharge term,
for ‘r/tc= 6,4,2 the corresponding peak discharge rates would be(0.253,0.257 and
0.259. These small differences are due to gradual change in river stage for a flood
of longer duration. It is seen that the time to peak discharge matches with the
time to peak stage. The variation for w’tc = 2 corresponds to a symmetrical flood
wave. Variations of Q(t)/[O.SHO/Z—TrTW? ] with t/t during passage of a symmetrical
flood wave have been presented by Cooper and Rorabaugh (1963) for a fully pene-
trating river. It is found that there is distinct difference between the variations
in exchange flow rates for a partially penetrating and a fully penetrating river.
In case of a partially penetrating river the occurrence of peak inflow rate coincides
with time of peak stage. In case of a fully penetrating river the time of peak flow
rate from the river to the aquifer preceeds the occurrence of maximum river stage.
In case of a partially penetrating river, the magnitude of maximum inflow rate to
the aquifer is greatly reduced. For example in case of a fully penetrating river,
the dimensionless peak flow rate from one side of the river to the aquifer is about
1.35, whereas in case of a partially penetrating river the peak flow rate from both
sides of the river to the aquifer is 0.365. The river resistance reduces the flow
rate significanfly. It is further seen that for fully penetrating river the peak flow
rate from the aquifer to the river during the recession of the flood is comparable
to the maximum inflow rate.  For a fully penetrating river the maximum out flow
rate, Q(t)l[0.5ﬂom] is about 1.15. The maximum outflow rate for a partially
penetrating river obtained from the present analysis is 0.02. Thus the inflow and
outflow are reduced significantly due to river resistance in case of partially pene-

trating river.
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Fig.2(a) Exchange of flow between a river and an aquifer during
the passage of floods of different durations; the flood
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The exchange of flow between the river and the aquifer for a river
having a larger cross section with bO!E =0.5 and dol E =0.002 has been presented
in Fig.2(b). It could be seen that between two rivers, the one with larger width
at the same depth of water, though contributes more towards the aquifer recharge,
the increase in recharge is not proportionate to the increase in the width. For
the river with bolE =0.2 and dolE =0.002 the maximum recharge rate,
Q(t)maxl[o'SHoW] is 0.365. For the river with b /E=0.5, the maximum
recharge rate is 0.525.

The variation of exchange flow rate with time has been presented in
Fig.2(c) for a flood wave whose peak o¢curs at Ktcl(2¢E) =0.025. Comparing the
results presented in Figs.2(a) and 2(c), it is found that for symmetrical flood
waves with same peak stage, if the time of occurrence of the peak stage increases,
the maximum inflow rate decreases marginally. For example for Kt c;’(2<1>E)=(}.015,
HOIE=0.006, bolE=(l.2, dolE=0.002, T/tc=2, the peak inflow rate is 11.24 malday
corresponding to E=1000m, T = 1000m2/day. $=0.1, and tc= 3 days. For
Ktcl (2¢E) = 0.025, the corresponding peak inflow rate is 10.92m3Iday.

The variation of cumulative flow from the river to the aquifer with time
has been shown in Fig.3 for different values of T/tc. The cumulative flow reaches
a maximum value rapidly and then decreases sluggishly. The commencement of
decline in cumulative flow indicates the commencement of reverse flow from the
aquifer to the river. The moni?tonic decreasing trend at large time indicates that
if the aquifer is of infinite length, the volume of water which would flow from
the river to the aquifer during the passage of a flood will not return back to the
river after the recession of the flood. For Tltc =2, 26% of the total aquifer re-
charge returns to the river by dimensionless time Kt/(2¢E) = 0.2.

Using the present model, the exchange of flow that takes place between
the aquifer and the river during several successive floods could be ascertained
from continuous record of the river stages. The exchange of flow between a
river and an aquifer has been determined for three successive floods dccurring
over a time span of 72 days and the results are shown in Fig.4. The river sta-
ges and the corresponding river widths are also shown in the figure. The river
stage has been assumed to attain the same maximum height during each of the
floods. During the first flood the peak recharge rate is 6.3 mslday.

During the second and the third flood, the peak recharge rates are 6 mal day
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and 5.8 m3/day respectively. The recharge that would take place corresponding
to the river stages indicated in Fig.4, if the river width changes abruptly to
attain a width of 1000m when its stage crosses a height of 5m, has been shown in
Fig.5. Though the width changes by 5 times, the changes in peak discharges
are about two times. The recharge rates, being governed primarily by the diff-
erence in potentials between the river the aquifer, do not change in proportion

to the change in river width.

7.0 CONCLUSIONS

A mathematical model has been developed to predict the exchange of flow
between an aquifer and a partially penetrating river whose width changes with the
change in its stage during the passage of a flood. Based on the study the follow

ing conclusions have been derived :

1) For partially penetrating river, the river resistance reduces the
maximum inflow and outflow rates which are very much less than
those of a fully penetrating river.

2) In case of a partially penetrating river the peak inflow tends to
occur simultaneously with the occurrence of peak stage.

3) In case of aquifer of infinite length about 25% of the aquifer re-
charge comes back to river after the recession of a typical flood.

4) A five times increase in river width during the passage of a flood
may cause the maximum inflow rate from river to increase by two
times in comparison to the maximum inflow rate from a river whose
width does not change abruptly.
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