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ABSTRACT

The main objective of this study is to obtain points beyond which input from a domestic waste
water distribution field will not enter a single pumping well. The study-also compares the
effects of both steady and unsteady flow situations for various hydrogeological settings. The
results show that the analytical approach is fruitful and can serve as a basis for evaluating
situations related to multiple pumping well and distribution fields.



INTRODUCTION

Many of the residential wells in New Brunswick are in fractured rock where a natural
groundwater slope has to be considered. Some recent studies have been done to characterize
typical fracture properties from a hydrogeological perspective (Anglin, 1994a/1994b). It is
important to note that drawdown characteristics are directly related to the fracture properties
of the storage areas. The areas that are highly fractured and hence have a high storage
coefficient, S, are characterized by a relatively small drawdown compared to areas that are
less fractured.

In New Brunswick, it is a common practice to place a waste water disposal field down
gradient from the drinking water well to avoid contamination. However, contamination from
the disposal field may result if the disposal field is not outside the capture zone associated with
the pumping well.

The study defines the capture zones by using a simple analytical approach. The method uses
the principle of superposition involving a uniform one-dimensional flow and a horizontal radial
flow toward the well. Using this theoretical approach, it is possible to define a practical
guideline to locate the disposal fields such that the contaminated water will not enter a single
pumping well.

The main concern of this study is contamination of the water supply from disposal fields. The
objective is to provide a simple guideline to protect drinking water wells from such
contamination based on certain assumptions concerning typical storativity and transmissivity
values found in the fractured bedrock in New Brunswick. Carr (1968) provides a range of
storativity from 1x102 to 1x10% and transmissivity from 1x102 m?/sec to 1x10° m*/sec for
typical New Brunswick bedrock wells.

Figure 1 illustrates a pumping well in a natural gradient flow. From the conceptual diagram
the general shape of the drawdown curve is illustrated. The location of two possible disposal
fields are shown. One is outside the capture zone while the other is within it.

Assumptions

The following assumptions concerning the aquifer, the pumping rate and the natural gradient
have been made for this investigation:

6)) single isolated well and single waste water distribution field,
(ii)  steady state conditions at large time,

(iii)  fracture frequency and aperture size uniform over the depth,
(iv) infinite and confined flow field, and

W) aquifer thickness, B, is constant
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Figure 1 : Pumping well in a natural gradient flow with two
probable disposal fields



Although these assumptions may seem to be restrictive they will provide reasonable results
for deep unconfined aquifers in fractured rock where the drawdown, s, is small relative to the
aquifer thickness (s/B < 0.1) (Bouwer, 1978). The definition sketch in Figure 1 is based on
the assumptions listed above, however for practical purposes the following analysis can be
used for the more realistic unconfined flow case.

Zone of Capture

Figure 2 shows a plan and a section view of the flow toward a pumping well in a uniform
flow field as well as the streamline defining the groundwater divide. The point at which the
streamline forming the groundwater divide crosses the x-axis downstream of the well is called
a stagnation point, X, because the Darcy velocity is zero at this location.

The main objective is to locate, X, the distance from the pumping well to the line of zero
velocity or the stagnation point. A derivation of the following equation for the distance, X,
is presented in Appendix A for large pumping time.

X -+ Q
s 2nKBi

(M

where, Q is the pumping rate (L*/T), B is the average thickness of the aquifer (L), K is the
hydraulic conductivity (L/T) and i is the natural groundwater slope. Note that i may be
positive or negative depending upon the coordinate system selected. It is recognized that T =
KB, where T is the transmissivity.

The development of Equation 1 indicates that X, is greatest for steady state conditions. Hence
the study considers the steady state situation to determine the capture zone.

The maximum width, W, of the capture zone upstream of the pumping well is given by

wes 2 @

where, W is twice the magnitude of the maximum value of y, in Figure 2.

The resultant drawdown has been computed by using the following equation

. 2 re*
se R 41tT~[udu ©)

Equation 1 indicates that the location of the stagnation point moves further downstream from
the pumping well with an increase in the pumping rate. Based on this theoretical concept, an
example depicting a confined aquifer with T = 0.001 m?%/s, S = 0.001, in a uniform flow field
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having a natural gradient of i =0.001 is presented in detail. The typical long time pumping
rate for domestic homes has been assumed to range from 0.1 to 0.5 L/s.

RESULTS FOR SOME TYPICAL CASES FOR A SINGLE WELL

The results presented in this section show the effect of pumping rate and length of pumping
time on the piezometric surface along a line through the pumping well.

Figure 3 shows drawdown vs. radial distance for pumping rates of 0.1 L/s, 0.5 L/s and 1 L/s
at the end of 6 hrs. This figure also shows the location of the groundwater divide for the three
discharge rates. It further demonstrates that the drawdown cone of depression increases very
rapidly in the vicinity of the pumping well. It is also possible to define influence zones which
can be associated with a specified drawdown, s, for different pumping rates.

The resultant drawdown equation as derived from the principle of superposition, predicts that
the cone of drawdown around the well develops instantaneously and extends to an infinite
distance. This phenomenon is demonstrated from the drawdown curves at the end of 1 day,
10 days and 100 days under constant pumping rate 0.5 L/s (Figure 4). The figure shows
long term pumping effects on the groundwater table and clearly indicates that the dewatering
process continues with the radial distance resulting in a decline in the groundwater table. It
is also shown that the effect of drawdown expands rapidly at the initial period and more slowly
as the time elapses.

Equation 1 can be used to estimate the distance of the stagnation point, X, for a specified
pumping rate, natural groundwater slope, saturated thickness of the aquifer, and hydraulic
conductivity of the fracture rock aquifer. For example if pumping rate , Q = 0.0008 m?/s,
natural groundwater slope, i = 0.008, thickness of the aquifer, B = 50 m, and hydraulic
conductivity, K = 1.2x10° my/s, then the estimated value of X is 27 m for steady state
conditions.

Figure 5 shows the location of the stagnation point where Darcian velocity is zero as a
function of pumping rate and natural groundwater slope for specific values of saturated
aquifer thickness, B, and hydraulic conductivity, K. This simple linear relationship, based
on Equation 1 can be used as a preliminary guideline to locate the distribution field in relation
to the pumping water well for the conditions stated. The distance of the stagnation point for
any practical natural groundwater slope and pumping rate can- be interpolated from this
simplified relationship. One example problem is shown in Figure 5.

It is recognized that several assumptions have been made in the development of this method
and hence the assumptions should be evaluated when applying the technique.

6
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The guideline presented in this report for the location of waste water distribution fields under
more practical situations could be tested through extensive field tests. The analytical approach
could be extended for multiple pumping wells. For more complex situations, numerical
methods using finite difference or finite element models could be adopted.

CONCLUSIONS

®
(i)

(1ii)

With regard to groundwater contamination from a waste water fields, the steady state
flow situation is the worst case for a given pumping rate and it is not necessary to
evaluate the unsteady flow conditions.

The theoretical approach can be used as a preliminary quideline to locate domestic
waste water distribution fields in relation to a pumping well if the underlying
assumptions are not significantly violated.

The principle of superposition could possibly be used for multiple distribution fields

and pumping wells to define the zones of influence and the stagnation point for each
well.
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Appendix A

Derivation of location of groundwater divide or the stagnation point

The derivation presented here are based, among others, on the book by McWhorter, D.B. and
D.K. Sunada (pp.131-133).

The stream function is obtained by superposition of the expressions derived for uniform flow
and for flow toward a well. The stream function for one-dimensional, uniform flow in the x-
direction is

¥ = - qy + Constant - - Kiy + Constant (A1)

where, q, is the darcian flux in the x direction, K is the hydraulic conductivity and i is the
natural groundwater slope.

Next, radial flow toward a single isolated well in a two dimensional flow field will be
considered. For this case, the equation for drawdown, s, is

. O e,
y 41:T-[u * (A2)

where, Q is the pumping rate (L*/T), T is the transmissivity (L?/T) and u is dimensionless
parameter defined as u = r2S/(4Tt), t is the pumping time (T) and storage coefficient
(dimensionless).

The magnitude of the radial velocity due to the well effect can be determined as

Os Osou e O ou

or  ouor u 4nTor (A.32)
but
o (A.3b)
By substitution in Eq. (A.3a)
% ) ZQ:r;’ (A.3c)
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At any cylindrical surface of radius r the rate of flow, Q,,, at time t is

os os
= 2nrBK— = 2nrT—
Q. . » (A4)

By combining Equations (A.3c) and (A.4), we can relate the pumping rate, Q, with the
instantaneous flow rate, Q,,

Q,=Qe* (A.5)

The radial velocity potential, q.,, due to the well effect can be expressed as

. e
LA (A.6)

In the polar coordinates with radius, r, and angle,5, the velocity potential and the stream
function are related by

__ 9 19y
© % T s (A.73)
and
__ 1o _ow
T (A.Tb)

from which the stream function can be defined by using Eq. (A.7a)

Y- - %aa + Constant (A.8)

For two extreme cases, (i) when t is very large then e® becomes 1 and the corresponding
stream function is same as the steady flow condition. (ii) when t is very small then e*
becomes 0.

Therefore the stagnation point is further downstream for the steady flow condition compared
to the unsteady flow condition. Hence, we have considered only the steady state case since it
becomes the worst situation in that the groundwater divide is farthest downstream from the
pumping well for a given rate, Q.

Therefore, we can approximate the stream functions for the situation when t is very large as

Y - - %6 + Constant (A.9)
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Finally, the resultant stream function for steady flow can be defined by using the principle of
superposition from Egs. (A.1) and (A.9) as

¥ -- K- 2536 + Constant (A.10)

The streamline ¥ =0 separates flow that eventually contributes to well discharge from flow
that bypasses the well this streamline is called the groundwater divide (Fig. Al). The
relationship between the x and y coordinates of all points on the groundwater divide is

.- 2
Kiy - - =8 (A.11)

where 8 = tan’(y/x) for x > 0 and 8 = = - tan’’(|y/x|) for x < 0. For the coordinate system
shown in Fig. Al, the slope i of the piezometric surface in uniform flow is negative.

Y: Groundwater divide streamline
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Figure Al : Streamlines for uniform two dimensional flow field

The coordinate x, of the stagnation point is obtained from

- y .9 0
% [tm(- 21tTiy)] 2xTi | 2nKBi (A.12)

o
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When x~= then & becomes =, therefore at a point far upstream of the well Eq. A.11 yields

S+ 2
VomEon (A.13)

which is the half-width of that portion of the aquifer in which flow contributes to the well
discharge. Hence, the maximum width of the capture zone upstream of the pumping well will
be

Y

W - Zys = & Eﬁ (A'14)

The resultant drawdown from the principle of superposition of uniform and radial flow toward
the well is given as

. QO ety
R | (A.15)
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