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A hydraulic management approach for salt-water intrusion 
using two-level pumping mechanism 
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ABSTRACT 

Sea-water intrusion is the main constraint limiting the full exploitation of the Nile Delta aquifer in Egypt. 
In some demand areas, groundwater may be the only feasible water resource but fear of more intrusion 
or upconing prevents the pumping of the aquifer. 

An approach is presented to tackle this problem. The method is based on pumping fresh and salt water 
simultaneously from the pumping well. The amounts of pumpage are relatively dependent in such a way 
so that the fresh-/salt-water interface can be kept stationary. 

The relation between the amounts of fresh-water discharge and salt-water discharge is formulated. 

The approach presented can be applied in the case of development of coastal aquifers. The approach is 
very useful to maximize the utilization of the Nile Delta aquifer to achieve the future water requirements 
especially in the outer fringes of the Delta where the sea-water intrusion problem is very critical. 

1. INTRODUCTION 

In fact, the total amount of fresh-groundwater 
storage in the Nile Delta aquifer amounts to 3 
times the storage capacity of lake Nasser of the 
High Asswan Dam which is 130 x 109 m3. But, 
the threat of sea-water intrusion along the coastal 
part of this aquifer is limiting its usability to 
about 1,5 x 109 m3 /year from the central part of 
the Nile Delta (fig. 1). Groundwater pumpage 
must be extended towards the eastern and wes
tern desert fringes and towards the northern 
coastal part of the delta to satisfy the increasing 
water demands, to compensate for the drought in 
the Nile water yield, and to feed the areas where 
groundwater is the only feasible water resource. 
Accordingly, the required operating areas will lie 
on the fresh-/salt-water interface and close to 

its upper point, i.e. top tip point (T.T.P.). 
These areas, were previously considered to be as 
non-operating areas (fig. 1). An approach may 
be necessary to objectively get hold of fresh 
groundwater stored beneath these areas, without 
causing any movement or upward migration of salt 
water (upconing). 

In general, the intrusion phenomenon is not easy. 
Its acute case means a coupled flow problem in 
which the flow of water is under hydraulic gra
dient and the exchange of salt ions is under 
concentration gradient. The solution of this 
complex problem is associated with numerical 
difficulties (SA DA COSTA & WILSON, 1979; 
POLO a. RAMIS, 1983, and SHERIF, 1987), The 
simplified case of this phenomenon, which is 
applied in this paper, assumes a sharp interface 
between two immiscible fluids, fresh and salt 
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Fig. 1. Operating and non-operating areas in Nile Delta. 

waters (BEAR, 1979; Maria VEROU, 1978, and 
KASHEF & SMITH, 1975). The movement of this 
interface occurs when the state of equilibrium 
between fresh groundwater and sea-water is 
disturbed. Consequently, chemical reactions may 
occur in the zone where fresh water is replaced 
by sea-water or vice versa (SHERIF, 1987). The 
main objective of this paper is to present a 
hydraulic-management approach to prevent the 
movement of the fresh-/salt-water interface in the 
exploited coastal aquifers. 

2. MANAGEMENT APPROACH CONCEPT 

The fresh-/salt-water interface acts as an equili
brium boundary between the hydraulic conditions 

of the two fluids. It will move or shift whenever 
these conditions vary independently. Usually, 
wells are used to pump fresh water only. This 
pumpage causes a change in fresh-water condi
tions and causes the interface to change its posi
tion. The present work simply suggests causing· 
a disturbance in the salt-water conditions, wor
king on the hypotheses that it must be equivRlent 
to what occurs in fresh water. In this way, the 
interface will be stationary because the conditions 
in both fluids are balanced. This leads to dupli
cate the function of the water wells. A well must 
penetrate both fresh and salt water and exploita
tion would take place by means of two pumps, one 
(the upper) to abstract fresh water and the other 
(the lower) to pump salt water. 

The amount of fresh water abstracted depends 
upon the requirements. But, the amount of salt 
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water removed is estimated according to the confirm parameters values by both field and 
drawdown which should occur in the salt water in laboratory experiments and tests. 
order to create an equilibrium with the fresh 
water. For each amount of abstracted fresh 
water, an equivalent amount of salt water should 3. MATHEMATICAL FORMULATION 
be removed. These relative amounts of the two 
fluids are, in part, determined by a selected 
equation suitable for simulating the existing 
groundwater system. All parameters of the 
equation, except the coefficient of permeability 
and the drawdown which are dependent on the 
type of fluid, will be the same in both cases of 
simulation of fresh- and salt-water conditions . 
The value of drawdown imposed in salt water can 
be estimated theoretically as shown later on. 
This value can be calibrated in the field by 
performing a pumping test. 

For the same aquifer, hydraulic conductivity of 
the system decreases whenever sea-water is 
replaced by fresh groundwater (GOLDENBERG et 
al., 1983). This parameter can also be estimated 
theoretically as shown later on. It can be con
firmed either in the field and/or in the labora
tory. The author will verify this approach and 
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When dealing with coastal aquifers, two different 
groundwater heads must be taken, one for each 
water type. For calculations and/or comparisons, 
only one type of head should be used, i.e. 
fresh-water head. Then, the salt-water head can 
be converted into a fresh-water head by means of 
a simple analytical method. Referring to fig. 2, a 
fresh-water head, hf is defined as : 

(1) 

and a salt-water head is defined as 

(2) 
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Fig. 2. Fresh-water and salt water heads. 
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where 

g = 
z ::; 

water pressure at a point {ML -~ T- 2), 
density of fresh and salt water 
respectively (ML- 3 ), 

gravity acceleration (LT-2), 
elevation (above datum) of the point at 
which head is measured (L). 

E·quations 1 and 2 can then be written for the 
pressure at a point on the interface. Eliminating 
P from equation 1 and 2 gives : 

2-11 

hf , h ::; dynamic fresh- and salt-water 
5 

heads in response to pumping 
respectively. 

Substituting into equation 9 

p5 Pf 
z = (P5-Pf) (Hs - Ss)- (Ps-Pf) (Hf- Sf) 

( 12) 

or 

(13) 

(3) The change in interface position, liz . is defined 
as : 

and 

(4) 

hf : 
Ps z Ps z + h - -

S Pf Pf 
(5) 

hf : 
Ps (Ps _ 1) h - - z 

S Pf Pf 
(6) 

.hf : 
Ps ( Ps-Pf) h - - z 

s pf Pf 
(7) 

z (P -5 Pf) = hs P5 - hfpf (8) 

pf 
h5 

Ps 
(9) z = - h 

( p - p ) f (P S- p f) 5 f 

Equation 9 is the interface equation, which gives 
the vertical location of the points on the inter
face . To formulate equation 9 in terms of draw
downs, in order to get a relation between fresh
and salt-water draw downs, fresh- and salt-water 
draw downs Sf and S s respectively can be defined 
as : 

sf = Hf - hf 

S = H - h 
s s s 

where : 

(10) 

(11) 

Hf , H
8 

= initial static fresh- and salt-water 
heads respectively , 

6Z ::; Z - Z 
0 

(14) 

where : 

z ::; the initial location of the interface, 
z0 = the final location of the interface in 

response to pumping. 

Substitute into equation 13 with zero drawdowns 
to get z : 

0 

Ps pf 
H5 - Hf (15) z = 

0 
(Ps-Pf) (P s- Pf) 

Substitute into equation 14 by z and z to get 
0 

ll.z : 

( 16) 

Equation 16 gives the change in interface position 
in terms of drawdowns. The relation between the 
relative dependent drawdowns can be obtained if 
ll. z = zero therefore 

(17) 

if pf = 1,0 g/cm3 and p
8 

= 1,025 g/cm 3 than : 

(18) 



Equation 12 can be used to estimate the required 
imposed drawdown in salt-water head when the 
value of the drawdown in fresh-water head is 
known. In order to simplify the estimation of the 
discharge of salt water it is assumed that the well 
has two screens of the same length and diame
ters. Screen sections are separated by a blind 
section of at least 1-1, 5 times the screen length 
to avoid interference between the two fluid dis
charges of the well (FARID, 1980). Then, any 
equation for the relation between discharge and 
drawdown will be in the form of : 

Q = C S K 

where : 

Q = well discharge in m 3 / day, 
S = drawdown in m, 
K = hydraulic conductivity in m/day. 

(19) 

C is a dimensionless parameter concerning the 
well and the aquifer terms in metre. This para
meter will be of the same value for salt-water and 
fresh-water conditions because the same well and 
same aquifer are used. Accordingly, the depen
dent relation between the two fluid discharges will 
be : 

where 

Q :0: s 

= fresh- and salt-water discharges 
respectively in m3 /day, 

= fresh- and salt-water hydraulic 
conductivities respectively in m/ day. 

(20) 

The relation between K f. and K should be deter
mined. The term K vanously nsamed coefficient of 
permeability, seepage coefficient, effective per
meability, or hydraulic conductivity, may be 
represented by the equation : 

y 
K = k (21) 

where 

M. SAMIR M. FARID 

y = p = unit weight of the fluid, 
ll = g dynamic viscosity of the fluid. 

k is the intrinsic permeability which is dependent 
on the formation. This parameter will be of the 
same value for salt- and fresh-water conditions 
because the same formation is used. Then, the 
relation between K s and K f will be 

Ks Ps llf (22) I: = Pf ll 
1 

f s 

If ll/lls =-- = 0,75 (DEGREMONT, 1979), 
1,33 

gives: 

K = 0,77 Kf (23) 
s 

Substituting equations 18 and 22 into equation 20 
gives : 

(24) 

No doubt, the values of the dynamic viscosity of 
fresh and salt waters have a significant effect on 
the estimated values K and Q . Viscosity dimi
nishes when temperatu~e increlses and increases 
with a higher content of dissolved salts. There
fore, the constants of equation 23 and 24 can be 
adjusted if more suitable values for dynamic 
viscosity are used. 

4. AN ALGORITHM FOR SOLUTION 

Fig. 3 shows an algorithm for estimating the 
relative dependent discharges of fresh and salt 
water from a well while maintaining, the fresh
/ salt-water interface stationary. The solution 
strategy will work according to the following 
steps. 

- Determine the amount of fresh water Qf, accor
ding to the requirements. 

- Design a suitable pumping well with two equal 
screens, the first in the fresh-water zone and 
the second in the salt-water zone. The design 
is according to the hydrogeological conditions 
which are lithology, depth to the interface and 
the hydraulic parameters. 

- Compute the expected draw down, Sf' in the 
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Fig. 3. An algorithm for estimating the relative dependent 
fresh- and salt-water discharges. 



fresh-water zone by applying an equation 
suitable for the existing groundwater system. 

- Compute the ratio p / p for the system. 
- Compute the corresp~nding draw down, S , 

s 
using the values Sf' p f and P • 
Determine the values of dy'b.amic viscosity 1..1 f 
and 1..1 at same temperature. This should be 
done cirefully as possible as it can. 
Compute the expected hydraulic conductivity in 
salt-water zone, Ks, using values of Kf, pf, 
p , l..lf and 1..1 • 

Ffnally, com-Pute the corresponding amount of 
salt water that must be pumped to achieve the 
balance of the interface using values of Qf, S , 
Sf' K f and K . The suitable equation for tfl.e 
system previoJsiy used can be applied using S 
and K (salt-water case). s 

s 
The values of S , Sf' K f and K can be deter-
mined by perfor~ing two separat~ pumping tests 
by operating each pump separately. If the 
computed and measured values are matched, the 
operation of the two pumps simultaneously can 
be started after the inital condition is reco
vered. 

5. CONCLUSIONS AND RECOMMENDATIONS 

- The presented approach might be beneficial as a 
management method in developing groundwater 
coastal aquifers. 

- Salt-water intrusion can be controlled by pum
ping both fresh and salt waters. The dischar
ge of salt-water amounts approximately 0, 75 
times the discharge of fresh water (in the ideal 
case). 

- Insufficient knowledge of dynamic viscosity is 
the main limiting factor of the suggested ap
proach. 

- The ratio between salt-/fresh-water drawdowns 
is simply equal to (0, 975) the inverse of the 
ratio between the densities of the two fluids (in 
the ideal case). 

- It is strongly recommended to confirm the 
results by performing field tests. 

- Getting rid of pumped salt water may be the 
main drawback of this approach. 

- Operation of the Nile Delta groundwater reser
voir can b e extended towards its fringes by 
applying the presented approach without any 
restrictions. 
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