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- fechniques for Computing Rate and Volume
of Stream Depletion by Wells

by C. T. Jenkins?

ABSTRACT

The effec' - on flow of a nearby stream from pumping a
well can be caiculared readily using dimensionless curves
and tables. Computations can be made of: (1) the rate of
sream depletion at any time during the pumping period or
after the cessation of pumping: (2) the volume induced from
the stream during any ume. both during pumping or after
the cessation «f pumping: and (3) the effects, both in rate
and volume of stream depletion, of any selected pattern of

intermittent pumping. Sample computations illustrate the use
of the curves and tables. An example shows that inter-
mittent pumpine may have a pattern of stream depletion not
greatly differeot from a patern for steady pumping of an
equal volume.

The residual effects of pumping, that is. effects afrer
cessation of pumping, on streamflow mayv easily be greater
than the effects during the pumping period. Adequate ad-
vance plannine that includes consideration of residual
effects thus 1= essential to effective administration of a
stream-aquifer svstem.

INTRODUCTION

With increasing frequency, problems of water
administraticn require evaluation of effects of ground-
water withdrawal on surface supplies. Both rate and
volume effects have significance. Effects after the
cessation of pumping (called residual effects in this
paper)are important also and have not previously been
examined in detail. In fact, residual effects can be
much greater than those during pumping. Curves and
tables shown in this paper, although applicable to a
large range of interactions, are especially oriented to
the solution of problems involving very small inter-
actions, and to the evaluation of residual effects.
Where many wells are concentrated near a stream, the
combined withdrawals have a significant effect on the
availability of water in the stream.

The relations between the pumping of a well and
the resulting depletion of a nearby stream have been
derived by several investigators (Theis, 1941; Conover,
1954, Glover and Balmer, 1954; Glover, 1960; Theis
and Congver, 1963; and Hantush, 1964, 1965). The
fesults generally are shown in the form of equations
and chares. Except for the charts shown by Glover
1960) in a publication that had limited distribution,
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the charts are useful as computational tools only in
the range of comparatively large effects, leaving the
user with rather formidable equations to solve In
evaluating small effects. The average user retreats in
dismay when faced by the mysticism of ''line source
integral,” "‘complementary error function,”’ or ''the
second repeated integral of the error function.”” Be-
cause this writer definitely is a member of the com-
munity of “‘average users.”’ he has exercised what he
believes to be his prerogative of reversing the usual
order of presentation. In this paper, the working
tools — curves, rables, and sample computations —are
shown first, and the discussion of their mathematical
bases 1s relegated to an appendix. The usefulness of
the tools will not be greatly enhanced by an under-
standing of the material in the appendix; it 1s shown
for the benefit of those who desire to examine the
mathematical bases of the tools.

The computations shown in this paper are not
new. but they seem to have been rather well concealed
from most users. Their value to water administrators
is apparent, especially in the estimation of total
volume of depletion and of residual effects. The
primary purpose of this report is to provide tools and
examples of their use that will simplify the seemingly

intricate computations.

DEFINITIONS AND ASSUMPTIONS
The units used are defined below, except those
having to do only with the mathematics, which are
defined in the appendix:

T = the coefficient of transmissibility,
(L2/71l;

§ = the specific yield of the aquifer, di-
mensionless;

t —time, during the pumping period, since
pumping began, [T];

t, = total time of pumping, [T};

t - time after cessation of pumping, [T];
0 - the steady pumping rate, [L*/Tl;
g - the rate of depletion of the stream,
(L2/7);
Ot - the total volume pumped during time ¢.
[L3];
Qt, - the total volume pumped, [LY];
'~ the volume of stream depletion during

: 1.
time ?. "P' or fl’ + 1, [Lo]):
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« — the distance from the pumped well to
the stream, lI_!;

sdf - the stream depletion factor, [T)]. This
term has not been used previously.

If the aquifer meets the assumptions listed in
this section, the sd/ is «*S T which is the time re-
quired to make the term {7 «°S unity. In any aguifer,
however complex, i1t 1s the time from the beginning of
steady pumping within which the volume of stream
depletion is 28 percent of the volume pumped.

To avoid confusion due to the use of the same
symbol for the dimension time as for the coefficient
of transmissibility, symbols for the dimensions time
and length are in Roman capitals and enclosed in
brackets. All other symbols, except that designating
the mathematical term, second repeated integral, are
in 1talics.

The dimensions of T. . 0. ¢. . and ¢ used jn
the sample computations are specified where neces-
sary.

Stream depletion means either direct depletion
from the stream or reduction of return flow to the
stream.

The curves and tables in this report are dimen-
sionless, and can be used with any dimensional
system. The units in the system must be consistent,
however. For example, if O and ¢ are in acre-ft/day
(acre-feet per day), ©* must be in acre-ft (acre-feet). If
@ is in fr (feet), and T°§ is in gal/day-ft (gallons per
day per foot), the value of TS must be converted to
fr’/day (square feet per day). A T § value of 10° gal/

; 1ft?
day-ft  cquals (10° gal/day-ft) ( ———— ) cquals

7.48 gal

133,700 f*/day.
The assumptions made are the same as other
investigators have made. They are as follows:

For a water-table aquifer, drawdown is considered
to be negligible when compared to the saturated thick-

ness; that is, T does not change with pumping time.

The aquifer is isotropic., homogeneous, and semi-
infinite in areal extent. with a straight, fully penetrat-
ing stream boundary.

Water is released instantanecusly from storage.
The well is fully penetrating.
The pumping rate is steady during times ¢ and tp-

The residual effects of previous pumping are
negligible.

Studies underway by the writer and associartes
suggest that errors due to fairly large departures from
idealized conditions can be reduced to tolerable
proportions by using a model to determine the stream
depletion factor. Results from an electric-analog model
of a stream-aquifer system are being analyzed ro
determine the effects of complex boundary conditions
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and areal variations in aquifer properties op Stre
. Streap
depletion factors.

DESCRIPTION OF CURVES AND TABLES
Effects During Pumping

Curves .1 and B in Figure 1 apply dUring the
period of steady pumping. Curve .\ shows the relatiop
between the dimensionless term tT ¢*% and the rate of
stream depletion. ¢, ar time 7, expressed as a fatio tq
the pumping rate (). Curve B shows the relatjon be.-
tween (T «*S and the volume of stream df-‘pletion, &
during time /, expressed as a ratio to the volume
pumped, Qt. The coordinates of both curves are taby.
lated in Table 1. The number of significant figure s
shown for the values tabulated in Table 1 was deter-
mined by needs for some of the computations de-
scribed in the next section, which sometimes involvye
small differences between relatively large numbers
Precision to mere than two significant figures in re.
porting results probably will never be warranted.

Residual Effects

If there is no capture of water from other sources,
the stream will continue to lose water after pumping
stops. As time approaches infinitv. the volume of
stream depletion approaches the velume pumped. The
rate and volume of depletion at anv time after cessa-
tion of pumping can be computed using the method of
superposition, that is, by assuming that the pumping
well continues to pump, and that an imaginary well at
the same location is recharged continuously at the
same rate the pumping well 1s discharging. Residual
eiiects are shown in Figures 2 and 3 fur five seicowd
values of 1,7 ¢*S. The ¢, is the time after cessation
of pumping.l

Problems concerned with values of ¢, T a*S other
than those for which curves are shown in Figures 2
and 3 generally can be solved with an acceprable
degree of accuracy by interpelation. but if the user
desires a more accurate appraisal, separate computa-
tions can be made.

Because computations of residual effects some
times Involve small differences between large num-
bers, use of tabular values may be preferable. The
computations shown in Table 2, which are the basis
for the curves labeled ty T a*S -~ 0.35 in Figures 2 and
3 and the curve In I"igu're 4, will serve as an illustra
tion of how additional curves can be constructed.

The curve labeled ¢ in Figure i shows the rela
tion between ¢ and ¢ resulting from pumping a well
3 656 feer from a stream at a rate of 10 acre-fo/day for
35 days. The ratio of T § is 13,37 . 10° f’/day.
which is not an unusual value for an alluvial aquiter-
The sdf 1s 100 days. The pumping rate is 10 acrc-f(_
day; the maximum rate of stream depletion IS 2
acre-ft dav. Pumping ceases at the end of 35 day®

¢ 10

the maximum rate of stream depletion occurs abou
ST 3 - 52 ate
davs later. and ¢ still is abouc half the maximum ¢

45 days after cessation of pumping.
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TABLE 1. VALUES OF ¢ Q. v*Qt. AND ¢T Qa*S CORRESPONDING TO SELECTED VALUES OF (T a*S

[+T“a*S - time, in units of the sd/. dimensionless; g ¢ - ratio of rate of depletion of the stream to the

e ol R

steady pumping rate, dimensionless; v Q¢ - ratio of volume of stream depletion ta volume pumped,
dimensionless; 1'T"Qa’S - volume of stream depletion in units of (Q) (sdf). dimensionless.]

1T a*s G Q v 0t eT/Qa’s 1T a®s G.'Q v Qt vT/Qa’s
0 0 0 0 1.6 0.576 0.375 0.600
.07 008 001 L0001 L7 588 .387 658
.10 .025 .006 .0006 1.8 598 .398 716
15 068 019 003 1.9 608" 409 777
.20 d14 037 007 2.0 b17 419 .838
.25 157 057 014 2.2 634 438 964
.30 197 077 023 2.4 648 455 1.09
i35 232 .097 034 2.6 661 470 1.22
.40 264 % 046 2.8 673 .484 1.36
45 292 134 060 3.0 683 .497 1.49
.50 317 181 076 35 708 525 1.84
595 L340 167 092 4.0 o4 549 2.20
.60 361 .182 109 4.5 739 569 256
.65 L380 197 128 5.0 752 .587 2.94
70 .398 211 148 5.5 763 603 3.32
75 Al4 224 168 6.0 773 616 3.70
.80 Q29 236 189 7 789 640 4.48
-85 A43 248 211 8 803 659 577
.90 56 259 233 9 814 676 6.08
95 468 i 256 10 .823 .690 6.90
1.0 .80 280 .280 15 .855% 740 11.1
L.l 500 209 320 20 874 72 15.4
1.2 519 316 379 30 .897 810 24.3
L3 535 B 433 50 020 850 325
1. LS50 348 487 100 044 8O 89.2
1.5 LSG 362 543 600 977 955 573
39
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Fig. 2. Curves to determine rate of stream depletion during
and after pumping.

The area in the rectangle labeled O represents
total volume pumped; the area under the curve labeled
g represents the volume of stream depletion. In terms
of volume removed from the stream during the pumping
period, the effect is small, only about 10 percent of
the volume pumped. However, the effect continues,
and as time approaches infinity, the volume of stream
depletion approaches the volume pumped.
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Fig. 3. Curves to determine volume of stream depletion

during and after pumping.
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Fig. 4. Example of residual effects of well

Pumping 35
days.

Considerétion of residual effects such as ap
illustrated in Figure 4 leads to the conclusion thy
effective administration of a system that uses both
surface water and a connected ground-water reservoj
requires a great deal of foresight. The immediate
effects on streamflow of a change in pumping patter
may be very small; plans adequate for effective ad-
ministration of the resource generally require cop-
sideration of needs in the future —sometimes the
distant future. The sample problems solved later in
this report illustrate the need for long-range plans in
water administration.

The curves in Figure 5 illustrate the effect of one
pattern of intermittent pumping. The computations are
shown in Table 3. Effects on the stream, both in vol-
ume removed and rate of removal, are compared for
two patterns of pumping of 48 acre-ft during a 32-day
period. In both cases the aquifer has a ratic 70§ of
13.37 » 10" ft*/dav and the well is 1,890 feet from the
stream, making the sdf = 26.7 days. In the first case
the well is pumped at a rate of 4 acre-ft/day for 4
days, shut down 10 days, pumped 4 days, shut down
10 days, and pumped 4 days. In the second case, the
well is pumped continuously at a rate of 1.5 acre-ft/

o
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TABLE 2.

COMPUTATION OF RESIDUAL EFFECTS OF PUMPING

[Pumping stopped when (7T a’S = 0.35. See the explanation for Table 1 for definition of units.]

JP— —
i) (2) (3) (4 (5) (6) (7) (8)
0.35 0.232 0.034 0 0 0 0.232 0.034:
e . 275 .052 .07 .008 L0001 267 .0s2
45 =292 060 .10 025 L0006 267 059
50 =317 076 i &) .068 003 .249 073
60 361 109 .25 57 014 L2058 095
70 .398 148 235 292 034 166 14
1.00 .480 .280 .63 380 128 .099 .152
150 .564 543 L5 510 354 053 .189
2.00 617 .B38 1.65 .381 629 033 .209
1.00 683 1.9 2.65 664 1.255 .019 235
5.00 152 2.94 i.65 743 2.67 .009 o
7.00 789 4.48 6.65 .783% 4.21 006 27

10.00 823 6.90 9.65 .8198 6.61 L0032 .25

15.00 .855 11.1 14.65 .8528 10.81 .0022 29

20.00 872 15.4 19.65 8718 15.00 0012 .30

30.00 897 24.3 29.65 .8961 23.99 L0009 |

(1) [(!p + r!)-"uz S T=1T/a®$ for pumped well if pumping had continued.

(2) ¢/Q for pumped well if pumping had continued. Values from Table 1 for value of 1T/4’S indicated in Col. 1.

(3t T."QGZS for pumped well if pumping had continued. Values from Table 1 for value of (T/a%S indicared in Col. 1.

(4) tT/a*S for recharged well, beginning at cessation of pumping.

(5) g/0Q for recharged well, beginning at cessation of pumping. Values from Table 1 for value of (T '@*S indicated in Col. 4.

16) E'T,/Qa2S for recharged well, beginning at cessation of pumping. Values from Table 1 for value of ¢T ‘@S indicated in Col. 4.

(7) Col. 2 minus Col. 5; residual ¢/0.

(8) Col. 3 minus Col. 6; residual t.'"I"’QazS.

day for 32 days. The computed effects of the pattern
of intermittent pumping are compared to those of the
steady rate in Figure 5. The comparisons indicate
that, within quite large ranges of intermittency, the
effects of intermittent pumping are approximately the
same as those of steady, continuous pumping of the
same volume,

SAMPLE COMPUTATIONS
To illustrate the use of the curves and tables,
solutions are shown of problems that might arise in

the conjunctive administration of ground water and
surface water.

Problem |

If administrative criteria require that pumping
cease when the rate of stream depletion by pumping
reaches 0.14 acre-ft/day: (1) Under this restriction
how long can a well ¥ mile from the stream be pumped
at the rate of 2 acre-ft/day if T/S is 10° gal/day-ft,
and what is the volume of stuream depletion during this
time? (2)If pumping this well is stopped when ¢ =0.14

TABLE 3. COMPUTATION OF THE EFFECTS OF A SELECTED PATTERN OF INTERMITTENT PUMPING ON A NEARBY STREAM

[See Tables 1 and 2 for definition of units: @ = 1,800 fr, TS = 13.37 « 10° fc? per day, sdf = 26.7 days. Pump on 4 days, off 10 days,
on 4 days, off 10 days, and on 4 days; Q, = 4 acre-ft per day, IPIT-"HZS = 0.15 (see curves in Figures 3 and 4)

for each pumping period. Q, =

1.5 acre-fr per day, 1, = 32 days.]

Pumping period Pumping period Pumping period Totals tp, = 32 days,

(Ist-4th day ineclusive) (15th-18th day inclusive) (29¢th-32nd day inclusive) Q= 1.5 acre-ft per day

Time |(T/a’s q/0 |vT/Qa®s| Time [¢T/a%S | /0 (T Qa*S | Time ¢ T/a*S| g0 [vT/Qa%5 | /0 g vT/Qats| v g0 g |eT/Qd'S| v
facre- lacre- facre- lacre-

(days) (days) (days) Jtiday) 1) fr/day) f1)
—

010 0 0 = 2 - = = X = 0 0 0 o 1o 0 0 0

4 15 | .068| .003 = - = - = - = - 068 [ .27 .003 3| .068] .10 003 12

7 26 | a32f 014 | - - = = ~ = 32| s3 | o014 | 1.5 | 168 25 | 016 64

14 .52 | .080| .043 0| o 0 0 - - - - 080 .32 043 | 4.0 | 326 49| .081 | 3.2

18 .67 | .060|  .05S i 15 | .068| .003 - - - - 128 .51 058 6.2 | .388| .58 135 | 5.4

2 .79 0s0| .060 7 26 | 132|014 ~ - 2 = 82| .73 074 7.9 | .426| .04 85 | T4

28 1.05 034 .070 14 .52 | .os0|  .043 0 0 0 0 L4 .46 13 | 121 | 490 .74 305 | 12.2

32 1.20 L 029 .075 18 .67 | L0601 055 4 s | 068|003 .157 .63 133 | 14.2 | .519 .78 .38 15.2
_—_‘—'—-—-7
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acre-ft/day, what will the rate of stream depletion be
30 days later? What will be the volume of stream de-
pletion at that time? (3) What will be the largest rate
of stream depletion and when will it occur?

aZ

sdf = a’S'T = =
df =« =

(%4 mi)* (5280 ft/mi)*
= 520
(10° gal/day-ft)(lft3,"7.48ga1) 4

ays.

Part (1)

- 0.14 acre-fr/day

—_— = 0.07
2 acre-ft/day

g/ Q

From Curve A (Figure 1):
iT/a*s = 0.15
t = (0.15) (sdf)=(0.15)(520 days) - 78 days
From Curve B (Figure 1): if
tT7a*s = 0.15,
¢ Qt = 0.02
¢~ (0.02)(2acre-ft/day) (78days)= 3.1

acre-ft.
During the 78-day pumping period, 3.1 acre-ft, out

of a toral of 156 acre-ft pumped, is stream depletion.

Part {2) ‘
If pumping is stopped at the end of 78 days, then

JI’T a*S = 0.15,
and 30 days later,

108 days

— =00
520 days

ffj t fij CEZH =

)

From Figure 20 if
t,T a*S = 0.15
an-d
(1, + 6T a*S =10:.20,
¢ 0 - 0.12,
g = (0.12)(2acre-ft/day) - 0.24 acre-ft/day,
30 davs after pumping stops.
From Figure 3:
v T Qa®S = 0.008,

¢~ (0.008)(2 acre-fr/day) (520 days) = 8.3
acre-ft of stream depletion during 108
days as a result of pumping 2 acre-ft/
day during the first 78 days.

Part (3)
From Figure 2: if

!p]" w?S = 0.15,
maximumg O~ 0.13
when

”I’ + 40T a*S - 0.25,

therefore. maximum ¢ - 0.13 (2 acre-ft/day) . g
acre-ft/day when '

DI
1t (0.25)(520 days) = 130 days, or 52 days

p 'i
after pumping Stops |

Problem Il '

An irrigator is restricted to a maximum withdrawa)
1

of 150 acre-ft during the 150-day growing seagqq

provided his pumping depletes the stream less thag %
acre-ft during the scason. His well is 1 mile from ¢,
stream and TS = 133,700 ft*/day. Examine the effec,
of several possible pumping patterns: '

L

) o (5280 ft)? l
sdf = as r[——\ m—_ = 209 !
LA 133700 d
e days,
Part (1)
First, test to see if both restrictions apply to any

—

combination of pumping time and rate within the 150
day period. Try ending pumping the last day of the
season, beginning pumping at a time and rate such

that pumping 150 acre-fc will result in a depletion of
the stream of 25 acre-ft at the end of pumping. |

Ot - 150acre-ft, v = 25 acre-ft, v Qr=0.167. '

From Curve B: |
tT/a%S = 0.54,
t=0.54 (sdf)

- 0.54 (209 days) = 113 days, or 37 days ;
after beginning of season. il

0 = —-—-—150 T ~ 1.33 acre-fr/day.
113 days \
Since both restrictions apply to a 113-day pump-

ing period that ends at the end of the season, intuitive
reasoning suggests that the restriction on volume
pumped will dictate the pumping rate during shorter |
periods at the end of the season, and that the restic
tion on volume of stream depletion will dictate both
rate and time of pumping for periods in the first part of 1

the season.

BavtitZ)
Begin pumping G0 days after the beginning of the
season. Test reasoning that the restriction on volume |

pumped applies. [
Ot - 150 acre-ft,

¢ = 90 days, |
) 90 days
T aks 90 days 0.4,
209 days

From Curve B: l

/Ot 0.13

= 0.13 (150 acre-ft) - 19.5 acre-ft, (

0 x oy v,
therefore. the restriction on volume pumped does appl

i



150 acre-ft

— - 1.67 acre-ft/day.
90 days

Pumpjng rate -

part (3)

Begin pumping at the beginning of the season,
pump for 73 days. Test reasoning that the restriction
on stream depletion applies.

73 days

J@?S = —— = 0.
tPT ¢ 209 days .-

From Figure 3: for

LT/a?S =033

and
.. 150 days
(pr(,ti)T/a S = 309 days = 0.72;
uT/Qa®S = 0.12,
25 acre-ft

- 1.00 acre-ft/day,

= 710.12) (209 days)
0Ot = (1.00 acre-ft/day) (73 days) = 73 acre-ft.

Therefore, the restriction on volume of stream deple-
tion does apply, and dictates a pumping rate of not
more than 1.00 acre-ft/day for a 73-day pumping period
at the beginning of the season.

Part (4)

The irrigator elects to pump 0.5 acre-ft/day for
the first 32 days of the season. What is the highest
rate he can pump during the remaining 118 days?

Try assumption that restriction on volume of
stream depletion will apply.

32 days

T Pt | )
27 """ 200 days P
150 days
(i, $t TS = T s 7D,
pT IS T 309 days

From Figure 3:
0, T/Qa%S - 0.057
v, = (0.057) (0.5 acre-fr/day) (209 days)
= 6.0 acre-ft

0.t, = (0.5 acre-ft/day) (32 days) = 16 acre-ft

25 acre-ft - G acre-ft - 19 acre-ft - 1,

t, = 118 days
t,T/a*S = M = 0.56.
209 days

From Figure 1:
v,/ 0,t, = 0.17
0,1, = 19 acre-ft/0.17 = 112 acre-ft

(112 + 16) acre-ft = 128 acre-fr, which is less than
150 acre-ft,

therefore the assumption that volume of stream deple-
tion applies is correct.

112 acre-ft

~ 0.95 acre-ft/day.
118 days :

==

The irrigator elects to pump at the rate of 2.00
acrc-ft/day. (5) If he plans to pump until the end of
the season, how soon can he start pumping? (6) If he
plans to start pumping at the beginning of the season,
how long can he pump? (7) If he plans to start pumping
50 days after the beginning of the season, how long
can he pump?

Part (5)
Ot = 150 acre-ft
t = 150 acre-ft/2 acre-ft/day = 75 days
tT/a*S = 75 days/209 days - 0.30.
From Curve B:
/0t = 0.10

v = 15.0 acre-ft

therefore the restriction on volume pumped applies.

Part (6)
Assume that the restriction on stream depletion

applies,

25 acre-ft

vT/0a%S = - = 0.060
= 2 acre-ft/day (209 days)
0d
(ty+t)T/a?S = DS | 5
209 days
From Figure 3:
,T/a’S 2 0.17
t, = (0.17) (209) = 35Y% days
check by using Table 1
Net Net
fll,)—+li):’1'%125 v, T/a*s JE-TJ'UZS z'z-TQaz.ﬁ' vTQa*S Acre-Ji
0.72 0.156  0.55 0.092 0.064 27
try ¢, = 334 days, IPT a’§ = 0.16
0.72 0.156  0.56 0.095 0.061 25

therefore the irrigator can begin pumping at the be-
ginning of the season and pump at a rate of 2 acre-ft/
day for 335 days.

Part (7)

Restriction on volume pumped limits pumping
time to: 150 acre-ft/2 acre-ft/day =~ 75 days.

Test to see if depletion restriction would be ex-
ceeded by 75 days of pumping

t,+1t; = (150 - 50) days = 100 days

i
100 days
(8, il e o g
gt 209 days
Ep 75 days
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75 days

e = EG
200 days

",'. T a8 =

From Figure 3:
vT/0a’S'E 0.72
1S (0.72)(2 acre-fr/day) (209 days)
30 acre-ft

which exceeds the 25 acre-ft restriction.
Try stopping pumping after 69 days.
Using Table 1:

t; = (100 ~ 69) days - 31 days
w!,‘.r{‘;‘Tnl_\‘ v, TQa*S +,Ta®S v,T/Qa’s Net Acre-ft
0.48 0.070 0.15 0.003  0.067 28
ty f, - 54 days. t, - 46 days
0.48 0.070 022 0.010 0.060 29
Therefore, the irrigator can pump at a rate of 2

acre-ft/day during the 54-day period beginning 50 days
after the season begins.

Problem Il

A well 4,000 feet from the stream is shur down
after pumping at the rate of 250 gal/min for 150 days:
T § = 66.850 ft*/day. (1) What effect did pumping the
well have on the stream during the pumping period?
(2) What will be the effect during the next 216 days
after pumping was stopped? (3) What would the effect
have been if pumping had continued during the entire
366 days?

(4000 fr)*

sdf ~———————— = 239 days.
"7 66850 fc/ day ¢

Peart (1)
150 davs
WO Rk WY
£ 239 days
o o 1 fe? 1 acre-fr
)~ (250 gal/min)(1440 min/day)( X )=
7.48 gal 43560 ft’
1.1 acre-ft/day
when
{ ot 1T a*s = 0.63,

P
and from Curve A:
g =037,
and from Curve B:
vt = 0.19.
At the end of 150 davs,
g - (1.1acre-fr,day)(0.37)= 0.41acre-ft, dav

1+ (1.1 acre-fr/day)(150 days)(0.19) = 31

acre-ft.

s,
B

Part 2)
When
bty (150 + 216) days 3 dast
(f, «t)T a*s = 1.53.
¢

From Figure 2: by interpolation,
740 & 010

From Figure 3: by interpolation,
vT/0a*S £ 0.32.

Compare results using Table and method of

‘_-‘:upcrposit.ion (see Table 2) with rhe estimates by
interpolation.
(1 t)T @S gy @ 0T 0 LT/aS g
L33 0.568 0.560 0.90 0.456
w; T/Qa*S {gp~q:)'@Q (v = v)T/Qals
0.233 0.11 0.33

The results by interpolation in “igures 2 and 3
are very close to those using Table |

216 days after pumping ceased.
v=(0.33) (0a*S T)=0.33 (1.1 acre-t

= 87 acre-ft.

;7 O = 0.11 and
day) (239 days)

The additional volume of stream
the 216-day period - (87 -

depletion during

31) acre-fr 56 acre-ft.

Part (3)
If pumping had continued for the entire 366-day
period, ¢T @S = 1.53. and (see tabulation in(2) above),

g O = 0.568, and ©= U1 = 0.360.

¢ ~(0.568)(1.1acre-fr/dav’ 3.62 acre-fr/day

i =(0.366)(1.1acre-ft/day: 266 days)

=147 acre-ft

g-

v during last 216 days = (147 — 31) acre-fr - 116 acre-

fe.
Problem |V
A municipal well is to be drillec in an alluvial
aquifer near a stream. Downstream wat r uses require
thar depletion of the stream be limited 0 no more than
5.000 cubic meters during the dry seasca. which comr
monly is about 200 days long. The well will be pumped
continuously at the rate of 0.03 m’/scc (cubic meters
per second). T = 30 em’/sec (square - entimeters P
second). and §

distance between the well and the swrear ?

Ur -~ (0.03m* sec)(200 days)(86-100 sec/day)
T 184(100°m

¢ G =5000 m*'5.184(10% m* - 0.1

From Curve B:

(ria*s =0.12

(200 days)(86400 sec, 'day )i 30 cm?/'sec!
il i

0.20)

0.20. What is the mininum allowable |

Th
well of
snd che
\‘ifld i
fCu[V‘EE
de[ived
cursory

he usef

Definit

Th
15 evel
conseq
given |
are 1n 1

1963,

Ir

port,

Mu"he

tompy
angd (

from |

|
|
A



, (200)(86400)(30)cm?
17 & -
(0.12)(0.20)

- 2,16(10)" em®

a -~ 1.47(10) cm

- 1470 meters.

APPENDIX

The literature concerning the effect of a pumping
.l on a nearby stream contains several equations
d charts that, although superficially greatly different,
eld identical results. The basic curves and table
urves A and B, and Table 1) of this report can be
rived from any of the published expressions. A
rsory review of some of the pertinent equations may

.useful to those interested in the mathematics.

sfinitions

The notation that has been used in the literature
even more diverse than the published equations,
msequently, definitions of only selected terms are
ven below. Complete definitions of all terms used
e in the indicated references:

. N 2
~ £ -t
erf & = the error function of x ~—— [ ¢ dt -

Voo
1 - erfc x

erfc v = the complementary error function of x =
2 ot
— [ e’ adt
Y mooX
i* erffc v = the second repeated integral of the
error function.

The line source integral (Maasland and Bittinger,

963, p. 84)

2
-l

R €
=ym [ = du.

b .
Xy 4h* u

In the notation used in the main body of this re-
ort,

y L LI
x/\ 4h3t =

VAtT/s,

Definitions and tabular values of erf x, erfc x, and
! erfc ¥ are shown by Gautschi (1964, p. 297, 310-
111, 316-317). Tabular values of the line source inte-
ral are shown by Maasland and Bittinger (1963, p.
1), and by Glover (1964, pp. 45-53).

fathematical Base for Curve A

Curve A and its coordinates in Table 1 can be
omputed from (Theis, 1941; Conover, 1954; Thelis
ind Conover, 1963):

2 w2

Tom (Glover and Balmer, 1954):

a '\-1
/8 e T o Pl gonwos du il (2)
Vdat
from (Glover. 1960):
2 Xy \TE(.’— 2
¢y Q ] i f ¢ du U ] (3)
\' o o

and from (Hantush, 1964, 1965):
O, =0 erfe (U)

Theis transformed his basic integral into equation
(I)because the basic integral is laborious to evaluate,
but in the form of equation (1), is amenable to either
numerical or graphical solution. Equations (2), (3), and
(4) are identical, and in the notation used in this
paper are:

y= L- et + = (5)
VALT’S

g0 - erfe(

VALIT/S

Mathematical Base for Curve B

Curve B and its coordinates in Table 1 can be
computed ecither by integration of Curve 4 or of the
equations that are the base of Curve . Analytical

integration of equations (2) and (3) is shown by Glover

(1960) as:

toy,dt 2

_ = e [ e du

0 Ot [T0
2w} o e
—( W7 [ —— du .. (6)
i 4{1? :

- ¥
YoV dat

and by (Hantush, 1964, 1965):
v, = Q, dt —~ 401, i erffc(U,) ... (7)

In the notation used in this paper, (6) is:

00t = 1 - erf ( ) -
V4LT/§
2 (12 o~ (’-N
—(—— N7 [ — du.. (8)
7 4tTAS a \4tT.’S u?
and (7) is:
a
Q=4 e [=——=") s usmens (9)

VarT s

Equations (8) and (9) both can be expressed In
terms extensively tabulated in Gautschi (1964, pp.
310-311) as:

o o
Ot - # L) eefe =) =
2T/S VA4LT /S
- 2¢ a“ /(41T /S)
( ) ( = ) P 6 (0]
vatT § Vi
45




Before discovering equations (6) and (7), the
writer integrated Curve . both numerically and graph-
ically. The results were identical, within the limita-
tions of the methods, to those obtained from (10).

In the interest of simplicity and convenience, the
term /T %S was used as the independent variable of
Curves /A and B and Table 1, rather than the term

a \4T S. which has been used by other writers.
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Membership is open to:

“‘those who are engaged in occupations pertaining to the
supervision, regulation, or investigation of ground water or
ground-water supply installations or who are teachers or
students at recognized institutions in acodemic fields re-

lated to the study of ground water.”

The purposes of this Division are:

“to cooperate with other Divisions of the N.W.W.A. in fos-
tering ground-water research, education, standards, ond
techniques; to advance knowledge in engineering and sci-

ence, as related to ground woter; and to promote harmony

between the water well industry and scientific agencies
relative to the proper development and protection of ground-

water supplies."’

Individual the Technical Divisi?n
($15.00 per year) include a subscription to Ground Wmer'iﬂ
oddition to the Water Well Journal. Membership application

forms available upon request.

membership dues in

National Water Well Association, Inc.
88 East Broad Street
Columbus, Ohio 43215
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