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INTRODUCTIOW

Ong of the primcipal souroces of water for irrigation is the underground
water stored bheneath tha surface of the earth. Various mathods have been
devised to extract this water so that it may be mpplied to growiag crops in
regions of inadequate rainfall.

Near the Sioux River in Rastern South Dakota, ample water has been
obtained at shallow depths to irrigate average sized .fioldc in eertain
areas. A sandpoint well system, whioh oconsists of four or five sandpoints
oommected to a centrifugal pumping unit, 1s being used to remsve the wmter
from the ground and foree it through a sprinkler irrigation system. Mancy
problems have been encountered in the application of such a system and
several of them remain unsolved. Ons of the more important aonsiderations
involves the optimum spacing of the sandpoints to obtain the greatest dis-
eharge. Other problems such as a convenisit means of priming the pump,
methiéds of installing the sandpoints, and ti:o value of gravel packing the
wells also need attention. It is the purpose of this study to determias
the effect of the candpoint spaoing on the quantity of water secured from
& sandpoigt well system dy obtaiming the discharge for various spacings of
from one to five sandpoints conneoted in series. In order to present the
mnterial necessary for the soluticn of this problem, it is expadient to
introduce some concepts involviag ground water hydroligy.

Undergrouid water is found between the agirregates and the rocks whioh
usually ocosur ia well-defined layers varying greatly in thiokness. Bugh a
formation or layer of permeable miterials ompable of yielding appreciable

quantities of gravity ground-water when saturfted is known as an aquifer.



An aquifer may be located just a few feet below the topsoil, or it may oocour
at great depths and be confined under pressure by another layer of imper-
vious material that prevents the water from escaping. This confining layer
is known as an aquiclude and creates an artesian condition,

A more familiar condition is the non-artesian or unconfined aquifer
which has a free water surface known as the water table. Below the water
table is the stone of saturation where the aquifer has the ability to trans-
mit a certain quantity of water under an existing hydraulic gradient. A
hydraulic gradient is represented by the elevation to which the water rises
at suoccessive locations along a line of flow.

The term coefficient of tranesmissibility introduced by

Theis 1s coming into popular usage in ground-water hydrology.

The coefficient of transmissibility is defined as the rate of

flow of water in gallons per day through a vertioal strip of

the aquifer 1 ft wide and extending the full saturated height

under a hydraulioc gradient of 100 per cent at a tempsrature of

60° 7.1

The coefficient of tranemissibility is related to another term known
as the coefficient of permeability. This coefficient multiplied by the
thiokness of the aquifer equals the coefficient of transmissibility.

The water table has several peculiarities. It may be entirely level
where there is no underground flow, or it may slope oconsiderably due to a
- hydraulic gradient when there is lateral movement of water in the ground.
Changes in barometric pressure oan cause vertiocal fluoctuation of the water

table elevation, especially under artesian oconditions. If the water table

is near the surface of the ground, it will fluctuate during the day because

lliplor. Ce Oy Brater, E. F. Hydrology. New York, Johs Wiley & Sons,
Inoc,. 19!490 Pe 206.



of water that 1s removed by superficial evaporation and plant transpiration.
Over a long perisd of time the water table will gain or lose sama elevation
due to regiomal ghange. This fluotuation may oocur from replenishment by
rainfall and meltimg snow, or it say represasit a gradual deslime due to
sranspitation, evaporatisn, or sutflow from the aguifer,

When an aquifer is penetrated by a well and water is removed by pumping,
the deprivatisnal effect on the water table will be ncoticed first im the
immediate area of the well. As the amount and duratisn of pumping is
iggreased, the areal extent of influemse on the water table beoomes greaily
wigened, C. V. Theis, well kmown for his contributions to the study of
ground water, descrides the naturs of the cone of depression in the following
statements.

The term osme of depression . . . denotes the geometric

sglid ipcluded between the water tadble or sther piezamestrioc

surface after a well has begun discharging and the hypothetisal

positlion the water table or other piesgmstric surface would have

had if there had been no disoharge by the well . « . . Ths

vertigal distanse at any place between the hypotiietioal

uninfluenced pesition of the plezemetric surface and the actual

surface after discharge hes begum, that is, the lowering due teo

the dischaprge, is the drawdown at that place ocaused by the

discharge.

There the water table is within a few feet of the surface of the
ground, water may be removed by a siallow well pump. OCue type of well
adapted to these eonditions is the sandpoimt wall. The sandpoint sonsists
of a piece of pipe with scoreen-like cpenings in tha sides to allow the
watsr to smter. Ome emd is threaded to souple to an ordinary well pipe and

the other emd is wade of a short, solid, coniasal point, The sandpoimt is

ahoiu, Co V. The Mgnifisanse and nature of the aone of depressiom
in groumi-water bodies. (Abstract) BHaonomio Geology. 33, ma, 8 B689-902,
1938,



ooupled to thy desired length of well pipe and driven into the Wwster-bearing
aquifer. feveral of these sandpoint wells are conneoted to one suotion pump
by horisontal pipe to form a sandpoint well system,

The quantity of discharge that may be expected from such a well system
is dezermined by the sombinad effects of several oonditiens. The moeffieient
of transmissibility of the aquifer is the natural oharaocteristis upon which
the yleld of the aquifer is dependent. Closely related to this is the effi~
olenoy of the well itself. If the sandpoint is driven so that the sareen
bgoomes lgoated in fine textured material that transmits water very slowly,
e low well efficiency can be expected. Howaver, if the soreen is lscated
in soms material of similar texture to that indlocated by the average coeffi=«
glent of transmissibility for the entire aquifer, the flow into the well will
be restricted very little.

The quentity of discharge is directly related to the drewdown in the
well and the surrounding aquifer. The drtv:im is equal to the vertioal
effects of pumping at a certain point. This drawdown is dependent upon end
restricted by the wmaximum sustion 1ift of the pumping unit whioh ocan snly
be as great as the vacuum that the pump is adble %0 create. An absolute
vacuum is equel to & pressure of 1.7 lbs. per sq. im. at sea level eor a
pressure that will support a head of water 33.9 feet high. At the al-
titude of Bastern Smith Dakota a vacuum is reduced to approximately 32 feet
af water pressure. However, an absolute vacuum has never been obtained and
this limitation is further restricted 4y the effisieney of the pumping unit

itself. For a centrifugal pusp the marximum suotion 14/ is generally oconsid-

oered to be 15 feet because pump effioiency dréps rapidly with a greater 1lifs.
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A typioal illustration of the losses that oocour by pumping a sandpoink
ocnnected to a semtrifuganl pump ie shown in Figure 1. For instasce, whem
pumping 80 te 90 gallens per minute with a maximum 1ift of 15 feet, 2 to 3
faet of head wlll bs loat bscause of fristion in a 2 inch sandpoint mell.
The vertioal distance, in feet, from the cemter of the pump to the wmter
table represants slevation loss that must ba accountad for aam part of the
suotion 1ift. Alse, the drawdown inside the well may be greater than it is
immediately outside the well pipe depending upon the efficiency of the well.
* The reamainder, after thess losses are accounted for, will == awmilable for
drawdom at the well to determims discharge. @ince discharge is direotly
related to drawdown, the discharge bsocmes lass as the losses becuams greater.

Where several wells are conneoted togsther in a system (Figure 2), head
loss due to pipe fristion is an important consideratiam. 8ince head loss 1o
oalculated per foot of pipe, it is directly related to the distance fram the
wall to the pmmp. Hwad loss is also mor:;ly related to the diameter of
the pipe carrying the water, so that by imcresasing the pige diameter, it can
be. reduced for a certain length of plpe. This loss will rapidly decrease
drawdown unle®s it is kept to a minimum by selssting a connesting pipe of
such & diamster thet tha head loss will be small cempared to the drawdown
in the sandpoint well. If it wsre possible to hawe no loss in the connect=
ing pipe, %he drawdown im any one well in a syste= w;;xld be practically tha
same an any other well regardless of its losatiom with respsst to ths pummp.
Therefore, if the pipe friotion is made magligible, as distance Letween tue
wells is inersased, overlapping of the cones of gepreszaion decomes lsss,
and the total discharge of the system incoreasss. It is svilant that tha

discharge will be influemsed by well spmoing, bwt the effect is not as great
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as might be expected, and the wells can be placed relatively oclocse to one
another.

The size of the sandpoint well itself has little effact om ths quantity
of discharge whioch the aguifer will yi..old. However, the head loss due =
pipe friotion will be approximately ten times greater with the same discharge
from a 1% inch sandpoint well as from a 2 inch well. Consegusmtly, the max-
imum drawdown, whieh alsc determines the dlacharge, will be greatly reduced.

All these conditione inmteract to aocount for the performanee of a sand-
point well system. To separate any one condition and determine its effect

or limiting fector preserts a somplicated problam.



WORK OF OTHER INVESTIGATORS

Perhaps more work has been done on ground water studies by members of
the United States Geological Survey than any other organigation or individual.
R, 3. Brown, Hydraulis Engineer, Ground Water Division, U, S, Geological Sur-
vey, has made a general statement as follows:

As is well known, studies of ground water resources are
continually being made by the Ground Water 2ranch of the U, S,
Geological Survey in cooperation with many state and local agernsies
throughout the country. This work is directed toward locating
ground water reservoirs and learning as much as possible about
them, insluding their extent and their ability to store and trans-
mit water. Examination and comparison of the methods used in
making these studies would reveal no completely stereotyped pattern
of procedure. In fact, each study would appear to involve its own
peculiar combination of geologic and hydrologisc factors requiring
individual methods of analysis. Over the years, therefore, the
USG5 has developed quite a large store of qualitgtivo and quanti-
tative geologic and hydrologic methods of study.

Brown has presented a direct procedure of applying the Theie nonequilidb-
rium formula to drawdown data obtained from two observation wells located
near a pumped well, The result is a coeffioient of transmissibility and a
coeffiolent of storage for the aquifer he was working with, He states:

"The coefficient of storage is defined as the reletive amount o f water
released from storage in a unit vertical prism of the aquifer as the piegzo-
metric heal declines 1 ft."l

In a chapter on ground water? by J. G, Ferris, District Engineer,

Ground Water Division, U, S. Geological Survey, the nature of underground

'BBrovm. Russell H. Selected procedures for analyzing aquifer test data.
(Reprint) Journal of American Water Works Association. L5: @&lil4. 1953.

thido. De 1‘48.

SPerris, J. 8. Ground Water. In Wisler, C. O., Brater, B. F.
Hydrology. New York, Johy Wiley & Sons, Inc. 1949. p. 198-272.



storage and flow, partioularly with respect to an artsaian aquifer, are
discussed. He desoribes several methods for determining the coeffioient
of permeability of unoonsolidated materials. His discussion on ground
water hydraulics deals in detail with the derivation of the formulas for
finding the ooceffioient of transmissibility and the coefficient of storage
for an aquifer. Before deriving the nonequilibrium formula, he oredits
Co V. Theis in the following statement: "A major advancement in ground
water hydraulios was made by Theis in 1935 with his development of the
nonequilibrium formula whioh introduces the time factor and the specifio
yield or coefficient of ntougo.”é Ferris also desoribes the method of
images as a tool for looating recharge and impervious boundaries in an
aquifer.

In Water Supply Paper 887 L, K. Wenzel, U, S. Geologioal Survey,
deals with methods for determining the permeability of water=-bearing
materials. He explains the procedure for determining permeability by
disoharging-well methods and desoribes some of the pump tests made in
Kansas and Nebraska by the Geologioal Survey. Tests were oonducted near
Grand Island, Kearney, Gothenburg, and Scottsbluff, Nebraska, and Wichita,
Kansas.

As a result of these tests, Wenzel states the effectiveness of the
wells was found te range from L41% for the Grand Island well to 120% for
the Gothendurg well. The ineffectiveness of the Grand Island well was

obvious beoause the water level just outside the well was observed to

61bid., p. 231.

10



stand about 10 feet higher than the water level inside the well casing
while pumping was in progress. The low effectiveness of the Grand Island
and the Scottsbluff wells was attributed to the faot that these two wells
did not penetrate the entire thickness of the water-bearing material. The
sther three wells, which were more highly effeutive, oompletely penetrated
the water-bearing materials. The effeotiveness of over 100% in the
Go>%henburg well is explained in “he following statement:

An effeotiveness of 100 percent indioates that the well
casing and material around the well funotion as if there were
no loss >f head caused by the entrance of the water into the
well. Where the well has been considerably developed the
offeotive radius of the well is inoreased and the apparent
effectiveness of the wsll under such oonditiions may be muoh
greater than for perfeot conditions with a smaller effeotive
radius. By well development the permeability of the water-
bearing material around the well may be considerably inoreased
over that of the rest of the formation, and while the well is
being pumped the slope of the water level through the material
with the increased permeability may be considerably less than
the slope that would have prevailed had the well been undeveloped.
The drawdown in the pumped well will Y%e decreased proportionally
by the well development. It is thus possible to construct a
well that ‘;or the diameter of its casing is more than 100 per-ent
effective.

The specific capacities of these wells (discharge per foot of drawdown)
ranged from 27 to 100 gallons per minute for the Grand Island and the Kearney
wells, respestively. The other specifio oapacities were 51.7, 55.2, and
66.7 for the Gothenburg, Ssottsbluff, and Wiohita wells, in the respestive
order as atated.

The Johnson Well Company of St. Paul, iliinnesota, has had practioal expe-
rience with wells including sandpoint well systems. They use such systemc

to obtain water for irrigzation as well as for municipal or industrial

7“011:01. L. K. Methods for determining permetbiiity of water-bearing
materials. U, 3. Ceologisal Survey Water-Supply Paper 887. 1942. p. 150.

11
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purposes, to temporarily dewater construction sites in wet ground, and to
permanently lower the water iable over an area for special reasons.

An interesting artiole appears in The Johnson Netional Drillers Journal
on wellepoint systems explaining the oconditions asscoiated with their use.
From their experience, they recommend spacings of 25 to 50 feet between
wells in a water supply system. OCloser spacing was recommended in fine
sand formations and thin aquifers when the maximum drawdown may not excsed
5 feet. They make the following statement concerning piping and conmnestions:

The important point in choosing pipe sises for the riser

pipe or well casing and the suotion header is to make them

generously large., By using piping as large as practiocable,

friction losses in the system are kept to a minimum., This

makes more of the total suction head of the pump available

to produce drawdown in the wells. The net effeot is to in-

orease the yield of the system almost in direct proportion.

For example, if the drawdown in the wells oan be inoreased

from 9 feet to 10 feet the yield will go up about 10 per cent.®

Interest has been shown recently in adeapting these well-point systems
to supplying water for sprinkler irrigation systems. The major problem seems
to be the inoonsistency in the general performance of such & pumping system

due to the many hydrologio oconditions that may affect it.

aloll—point systems for supply and dewatering. The Johnson National
Drillers Journal. 26, no. 5» 6. Sept.~Oct, 195},
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ANALYSIS OF THE PROBLEM

The most desirable spacing of the sandpoints in a well system is the
minimum interval that will allow the systmm to provide the quantity of dis-
ocharge required to satisfy thas duty of the water. Waen this spacing is
exceeded, unnecessary pipe is required to join the sandpoints to the pump
thereby inoreasing the cost af the system. Consequently, in order to obtain
the most satisfactory spaoing of the sandpoints, it is essential to know the
amount of discharge that can bo expected of the system that is being in-
stalled. By the use of the cceffioclent of trensmissibility determined for
the aquifer in question, it is possible to caloulate the discharge from a
sandpoint well system with Theis' nonequilibrius formula.

The coefficient of transmiseibility for the strata where the sandpoint
is installed is found by applying the nonequilibrium formula to the deta
obtained by performing an actual pump test on the aquifer. While the test
well i3 being pumped, periodic measurements of water table drawdown are
taken in observation wells loocated naar the pumped well throughout the dura-
tion of the test.

Before the pump test 1s oonduoted, preliminary investigation is nec-
es3ary to determine the daily variations that ocour due te barometric pres-
sure and regional change. This investigation is important in order ts find
the magnitude of the water table fluotustion caused by these faotors. Where
this fluotuation is minor compared with the accuracy of the measurements
taken during the pump test, it becomes relatively insignificant in the
analysis of the data.

In the Sioux Rivar aquifer water tahle msasurements were taken simulta-

neously with readings from a barometer located about 6 miles away at South

. 11150
SOUTH DAKOTA STATE COLLEGE LIBRARY 3



Dakota State College. A depression of the water tadble in an observation
well was found to coincide with am inoreas® in the baromtrio reading. Like-~
wise, a falling barometer Feading acommpanied & rising water level in the
observation well. After carefully studying the degres of influsnos of the
barcmetric pressure over a period of several weeks, ths magnitude of the
water table fluctuation for ordinary daily air precsure variation was found
to range from approximately 0,01 to 0.001 foot. Thum, when compared to a
precision of 0.01 foot in measurements to be taken during a pump test, it
was concluded the effect of barcmetric pressure ococuld be neglected.

During the period of water table study for barometric effascts, the
influence of regional change was also noted. This ohange appeared as a
general trend in the form of a very slowly risinmg or falling water table
depending upon the natural replenishment or depletion of the underground
water supply. The magnitude of this change was found to be 0.005 foot or
less per day. It wes further discovered that during the period of the pump
test used for the data in this thesis the regional change was undergoing a
transition from falling to rising. It was assumed the water table was very
stable during that period as far as the effeot of regional change was
oconcerned and that this effeot ocould very well be neglected during the
pump test.

The elimination of the effeots of these external factors simplified
the amalysis of the data. However, since the aquifer tested was relatively
thin compared to the total drewdcown after pmpinz, a correction for this
condition was made on the observed drawdown. This correoction faoctor whioch
Hust be subtracted from the observed drawdown is equal to (11)2/2u where

8) 1s observed drawiown and m is the thiokness of the aquifer.



th e nonequilibriwm formula used for analysing the corrected pump test
data follows:
o=(114.6 Q/7) w(u)
where s=correoted drawdown in feet
Q=4discharge in gallons per ninute
T=ooeffiolent of transmiesibility in gallons per dty per foot
W (u)= "well funetion of u", an exponential integral
= - 2w
and U(u):j 2™ gu=-0.577216-10g, utu-A 4 M . ..
u
1.87 rés/T¢
Therefore u=1.87 r28/?t  or r/+=(2/1.878) u
wheze §=gcafficient of storage
r=distance from the pumped well to the observation well in feet
t=¢ime since pumping started in days
The aotual values of W(u) for values of u in the above integral ranging
from 1x10°15 o 9.9 have beer ocalculated and tabulated by the U. 8. Geologi-
oal Burvey (Table 1). By plgtting these values against eaoh other cn log-
arithmic coordinate traoing paper, a type ctrve is developed which represents
the ohange in W(w) cerresponding to a similar change in u. A segment of this
ourve is shown in Figure 3.

" The pump et dataare pletted on logarithmic paper by plottinmg s againet
rz/t to the same scale as the type curve. Considering Q, S, and T as oon-
stants during a pump test, it is evident in the above equations that a is
related to.rz/t in a manner similar to the relation of W(u) to u. Con=-
sequently, when plotted to the same sosle, the pump test data will produce a
curve similar to the type curve shcwa in FPigure 3. By holding the @oordinate
axes of the type curve parallel to the axes of the plotted data for tie wells

and selecting their best match positiam, the type ourve is superimposed on

the field data. Then any peint i3 ohosen gn the fitted curve, the respective
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Table 1. Values of W(u) for Bamequilibrium Formula®

\ s | Nao- I NXw® | Ao | xio-n | Mxiow | Nxwo- | Nxio l NX14 | NXW0 | NX104 | NXw | i | Nxw | Nxw Gl
3 | T ——— |
y ) o037 | 16220 | 0.3104
: mue| ngm| uyel sl wu) mu) puel veny uwe) nae) el el NEsl tem) Lme)eus
: .19 201741 | 26.8716 | 245680 | 32.2¢63 | 18 17.6811 153880 | 13.0660 | 10.7834 | 8 4s09| GMOE| 36570 1.0808 || .
1 -3 il 0040 204880 | 21863| 19 1700111 183785 | 129769 | 10.6734 | 830| @0eS| 27788 1.0808 | 1358
s il 2 N G| mus| o6 17.0070| 182044 | 12.9018 | 106003 | 8.2008 | Mged| B.7054 [ 1531 .me2
h %g} 3L 358 g%&%’b :’:us: 20iiss| o3| 10.708| 1760 1aise| 12em| 10 803 8. 7378 ua.lgl :-g;: 4848 | 1000
o 10. . . .
i — Bt | mme defm| sima) jiome| wew| Uim joom| lime oes |y geE| tes) om) wo)
e y ol = 26 a000 | .1 21.8008 | 19 17.2687) 14.9631 | 126505 | 10.3470 | 8. o4ss| &7M6| 34581 1.2008 [ 00471
T ] B oy ; gi‘ 21,0068 | 19. 17.2016| 14.8000 | 12.506¢ | 10.%30 |  7.0015| &eso8| 3.4080| 1.2660 | .056W
L n.wxm u.omm | Bas| 253507 o | Zh7es| 1003 | Ar1s0s e edrr| 120481 | 102408 | 7002 6604 | X357 1.2227 | .04800
= Sl 2wl 200003 | 217087 | 19.4041 | 17.1018] 14.7960 | 124984 | 101933 | 7T.8014| B6R07| 3300 1.16% | 006l
N ﬂ':g’ ao.ggg | %% g&% 230638 | 21.6802| 193576  17.0650| 14.7624 | 12.4498 | 10. 173 7.%2 :% Hl‘l;: et -w
"a” 12. 4064 10. 10 7. 3 o
33 33 1280| 20821 286235 26,2200 | 23.0188 | 216157 | 19.3131 | o ]
o] mel) mm gam o) am) oaon) b aun| les GaR | hm| I8 G
26. 23. 0080 T35 | 38.4000 [ 26 2767 ( 214081 | 10 1:022 | (R B o tm ~oHT ‘o0 | 01918
Yy o » %gg 25023 %;’-ﬁ o | o it 122087 | 0.0061 | 7.0038 | 4367 3.0901 978 | . Olese
18. y : 121736 | 08710 | 7.6657 | 37| 2w | .ea09 | oM
29. 328068 | 205043 | 28.2017 | 250801 | 23.0865 | 21.3830 | 10.0813 5 aal 1 2 9501 .9057 | 01308
i i) mew| sun| mes) xew A pan o) el dgal fml i S
31 i i : 2,07 ; i 883 | .0101
51 9.7728 7.4703 81708 2. 8085 .
3.2 327984 | 30405 | 281932 | 258907 | 23.5681 | 21.2855 | 18 9629 12.07 7 b
33. 32.7676 | 30.4651 | 381626 | 25.8500 | 23.5678 | 21.2547 | 18.9521 2 gﬂ; g. ;} éﬁ ; ggg | ﬂm :% -3147 | 007501
3.4 37378 | 42| 281326 | 25,600 | 235274 | 21340 | 180223 Lol | o7 | Tw | EEMEY 207 : :
36, 32,7088 | 204062 281036 28.8010 | 234985 211950 | 1.%3 logss | seso )| 737 gos| 2809 . L]
36 Jaewe| NIW| BWolss| BTN| ;| 2lle | 8 1974 | vess | T | BeE2| 27D S
3. 326832 | 20.3606 | 28.0431 | 25.7455 | 23.4420 | 211403 | 188477 Wooow | 06007 | 7oms| 463 27900 7371 | . 0048N)
- TR 2. S Yoo | aroes | 2 76081“ B3| auoer| et 18773 w548 | 7216 |  amas| 27066 . 7104 | 004207
X I 32, J R P, 8 o 7 i . 3 121 i " U379
40,111 32,8753 | 0.7777 | 27001 | 25.6675| 2.3 | 210623 | 18.7598 M) 0nus 7262 Ul 20831 -5l (O3
S W 32.5506 | 30.2450 | 27.0484 | 256428 | 23402 | 21.0376 | 18.738) Leats | o528 | i.ze | (e 28 O s
4.2 .. 32.8265 30.2239 27.9213 25.6187 23.3101 21.0136 18 711_0 l”- o ‘-:- ‘47'11 7- s “ 8762 2 8119 T 6846 T 002833
3.0 32e0a0 | 3004 | s | us eS| 33mme | 20.0000 | 180674 | Hoae | A geasy -
4 324500 | 01774 | 27.8748 | 255722 | 23.2098 | 20.0670 | 18.6A44 inir) il Tua) SRR 3 A
45 324576 | 01640 | 2785273 | 8407 | 23371 300446 | 186420 1173 34317 7.128 | ] ot b
48 324355 | 201320 | 27.8%03 | 265277 | 23.2252| 20,9226 | 18.4200 Loz | edos 7078 | EEEY 2664 LI el
47 324140 | 301114 | 278088 | 255062 | 23.2037| 2009011 | 18. %8RS 110007 | 9,382 1o | B 1u8 o
48 20004 | 27.7878 25,4852 | 23.1a98 | 30.8800 | 136774 iLomT | 9.3671 000 | Y 40008 ot
49 2.3723 | .07 | 27.7673 ' 254616 | 231620 20.6804 | 18,6568 el | asacc| 7004 | Y 247 : A
5.0 323821 | 30.(495 | 27.7470  25.4444 | 231418 | 20,8392 | 18:53¢6 . 33| T022) S 34 g St
X RN 32| 00%7| 7Tz 264246 Wiz | 20814 | 18.8163 H.oool | a.3065 | T.004 | (ATe4| 2481 e
8.2l 32.3120 | 30.0103 | 27.7077 ~ 25.4061 | 28.102v | 20,8000 | 18.4074 ” g';gg 8‘ m‘s{ | e | 4.6681 2412 i .
83 ] 2030 | 20.9913 | 27.6887 | 25.3861 | . 23.0835 | 20.7800 | 18.4783 115510 0.2404 | 60473 4068 2 3048 -5140 | .0007108
B4 .o 322782 | 9728 | T7.6700  25.3674 23.0648 | 20.7622 | 18.4500 2 : 6.0280 46513 2 3778 5034 | .
8.6. .. ...... 32. 2508 29. 9542 27. 6516 25.3491 | < 23. 0466 | 20.7439 18. 4413 11. 3 9.2310 6'9l09 i 2 2604 4930 " 0006708
Y I 322388 | 20.9%62 | 27.633 253310 | 23.0285 | 207250 | 18423 nsssf w2301 v | Bkl 2 4830 | . 0008085
8.7 - 32.2211 | 20.0185 | 27.6186 | 3253138 | 23.0108 | 20.7082 | 13.4088 11.4078 Ly g0z | s un 472 | 000k
X O 3203 | 29.9011 | 27.585 35,2960 | 220004 | N.603 | )i 3882 I.de04 | 01me | o818 | U] 2120 ] B
EX 33.1806 | 208810 | 27.6814 | 263780 | 229760 | 20,6737 | 183711 L4633} 91ecs | o] EuEEl) 24l -1 e
60 111l 32108 | 208672 | 27.0646 | 252620 | 220605 | 20.6560 | 133543 iLyes| o140 | esx| SENA] 18 e
6.1 ..._...... 32. 1533 20. 8507 27. 8481 25. 2458 22. 9420 20.6403 18.3378 11. 4300 s 6- 002 ‘:‘m 22645 ane * U00ZB04
62,1 321370 | 298344 | 778318 26,203 | 220267 | 20.6241 | 193215 fdas] olnz)  os0] ) 330 =] Wt
X I 321210 2884|2018 202133 | 22.0i07 | 20.6081 | 143085 | 11.3073 | 9.095 oral| BN 120t e e
640 32.1083 | 20.8077 | 27.5001 251975 22.840 | 20,6028 | 1> 2848 x| e0es| e7S) [EERY 136 AN e
65,1 2.78:2 | 274846 | 25,1820 | 228704 [ 28768 | 1% 2742 | i.ases| o.060 | o700 | QU] 23N 0 ) i
86 .11l 320745 | 27719 | 27.4668 | 251667 | 22.8641 [ 20,5616 142390 | 1asiz | 00487 | 677 ) USR] 230 -0 Nl it
6.7 ........| 320695 29.758 | 27.4543 | 25.1617 | 228401 20480 | 182139 e oo BESel 31 2921 | onoisis
608 ... 32. 0446 20. 7421 27. 4305 25. 13689 22.8343 5317 | 14.2201 11.3214 o 6. v 4 €60 1160 3810 | 0001280
69 ......... 0300 20.7278 27.4249 26.1223 22.8197 20 %171 | 18.2148 11 3(58 9.0043 . R l:'l. 2150 8758 0001155
7.0 320156 | 2.7131| 27.4105| 251070 | 228083 | 205027 | 182001 12024 [ 80800 | 603 | [EIS] 1134 Sl
7.1 20608y | _ 27.3063 | 26.0037 | 22.7011 | 20.4685 | 141860 17782 | 89757 o.cn7 | g | 1uN Ao - gtz
72 . 206849 | 273823 25.Q797| 927771 | 20.4746 | 181720 | gecty  aowe| TLMS|  1iNe o) i
73 : 296711 |  27.3485 .0650 | 227633 | 20 | 181ss2 12504 | gong | 0.0 | [EEE0] 1 1lis g By
7.4 5 20. 6675 27. 3549 25.0623 22,7497 20. 4472 | 18. 14468 11. 2368 3 Z);) (\.le " oty 2 0867 . 3408  IDOGKD
7.8 . 29. 6441 27. M18 . 0380 22. 7383 20. 4337 18. 1311 11. 2234 38076 610057 t'amo 2000 :uu " E005ER0
78 9734 | 206308 | 27.32%2 25,0257 | 227231 | 20,4208 | 18.117% 11 2103 9078 s.co0r | B 12 B e
ol | 31. 0203 2.6178 27.3162 25. 0128 22.7100 20.4074 18. 1048 11.1971 8. 394 | (l- 8798 | g+ 2 0600 m * 00004707
78 ... 31.0074 | 20.6048 | 27.3023 | 24.0007 22,6971 2. 18.0910 11.1842 8.8817 & gen <me 1 c2e8 3163 | 00004210
X 31.8047 | 20.5021 | 77.2805| 24.9880 | 22 203818 | 18,0702 4| sseeo | o.s0n ) UEEe] 1o - e
801111 31.8821 | 205708 | 27.27G0 | 24.9744 | 226718 | 203602 | 18.0666 | 15| sases | eoun| NEE | 2008 ] e sl
81,101 318097 | 29.5671 | 272645 2 0610| 2 20,3568 | 180542 1L | B30 | GMIL| AN 20188 c T el
82 ... ... 31.8874 20. 5548 27.2523 24. 9497 22.6471 20.3446 18.0419 | 11. 1342 8.?17 6‘5177 e 1. 8088 -m * 00002609
831101111 31eds3| 206427 | 27.2401 | 24.9376| 22 20,3324 | 18.0208 1.1200 | sion | 47 | QRSO 1508 - IR
84 18333 | 2057 | 7. 20026 | 22630 | 20.3204 | 180178 111101 . 807 sl L ) Wt ot
85 . Il 31.8218 | 20.51% | 27.3163 | 24.9137 | 22.6112 | 20.3086 | 180060 1Loe2| 877 | 0.400| EEEERY 141 ¥.d Bt
86 ...l 1.8008 | 29,5073 | 327.2046 | 24.9020 | 225005 | 20,2900 | 1w 1.oms] 7o) 867 L L gt s
8.7... 31. 7982 29. 4957 27.1031 |  24.8008 22. 6870 20. 2853 17.9827 11.0760 T4 6 450 41648 1,808 2004 " 00001552
88, 17868 | 204842 | 271818 | 24.8790 | 225765 | 20,2739 | 1oms iloms | A7eio C4ml SRR 186 el s
8.9 31. 7755 29.4720 27.1703 24.8678 22 5852 20. 2626 17. 9600 11 0523 g 3:&7‘ 6 4368 “ 1B 1'01!7 m * 00001245
9.0. 1.7643 29.4618 1502 . 8560 22.5540 20.2514 17.0488 11.0111 B 7.2"6 ' lii 058 1313 I:m7 ‘2857 100001115
9.1 . ... .. 31. 7833 20.4507 7. 1481 24. 84565 22 54N 20. 404 17.9378 11.0300 - ‘i6 64148 4.1%08 1.8087 2513 QO0PHRY
92 . ....... 3. 74U 29. 4398 27.1372 . 8346 <. 8320 0. 2204 7. 9268 11.0191 8.71¢ 0'4010 41008 1'sau . 2470 ~ (00NORYH,
03 .......... 31. 7315 20. 4290 27.1284 24.8238 22.5212 | :M.2186 17.9160 11.0083 8 705:‘]‘ 6 3034 | 4 0992 1671 0 Foths * 0000URD18
[ H e . 1. 20. 4183 .1187 34.8131 22. 6108 0 079 17. 0083 10. 9976 8 0‘.9.5 o 2808 | 4 0887 l.m . %87 * 000007
98 ... 31.7103 2.4077 27.1081 24. 8025 22. 4000 0. 1073 17. 8048 10. 8870 8. ?g:o t_’v 3721 I ‘: 0784 l. 2500 47 | " 000006439
96 . ... 1. 6008 29.3972 27. 0048 24. 7020 22 48v8 b |-‘0 17. 8843 10. 070-; : &‘37 6. 3620 i € 0681 l'. 8505 : 208 000006771
e pai| nae) noad) anc) gl pre| g el pe GER RN LME| ER| R
99 ... 31. 6600 29. 3064 27. 0830 ! 24.7613 22 4587 » 1561 | 17. 8538 | 10. 9458 8. 6433 6.3418 ‘ 4L 0470 1.8320 . 2331 . 00000443

*rable reproduced from U. 8. Geologioal Survey Weter-Supply Peper 887. faoing p. 89



k]

B Tt Sy

RS e

=r
...i,._._. i

whe

o e R

et

l-'r._

e D

¥ ‘ S

.xnf%qsﬁ

Tﬁ+nm

-A.V._J

A

iy

4 (o384 220 2 8

=

o

;
A&
.

e L.\. + .IT

0 M

—_——

e

j.___b..-

<-;_L}_”

T
it

AR L =&

A J\ . s 7]
e e | A e o
..xair,%h.r .i%.oll ——le . s
: » i+ ! BE! 1_
..w , *.‘4“. - gady B4 T 44T rH,‘IAX
i i & £ S
i ; ! | § . w P
01 ot oma €20k ] oo - PR MRS} 1 S . S p—y
gty I | . i Sl
{20 e lidan
! Mmmv _

t
[
AT BT Y
«. i -
— |
+
~
}

ISR Tt

e
ey
e

S
AT o
N S

'
+
L
s

i Eg e

m—ar e o 8
]

- ————

LA 1 il )
k-4 { w
'} ! i i | | | |
t Y 1 1 e 4 1
g AF o . e, g S5y B S i 'l m FRSR Il*..# b o %lv.m,ﬂ...l;.l|¢l T —
R g yany et - — -ty ¥ 5P RN U S S L —_—
i ks : Ao | ESCSN SN | S i e 3 e b 2700 s%: 9 -y
i M ; = r T e ¢ xT‘.. T f—
- u? fr - - - - e - ﬁ.lw - .ﬂl. o — e i
T ot B! 3 o I TS SRS S P Hﬂl - e g e
- o |

i._z_ 9 1

— e e —— _ﬁ_,;_,,,_i. -
i
}
i
t
i
]

4 i &

- -4
1
4‘?5'

"!’l
y
|

SIS SR S

| )
et wn e et ,ﬂw_ lI.H(«..Y .:,hil!
it bk [y

|
I
t
i
i
t
4 1 m t
! ]
! _ b
H bt i I} A
S 0L ! - ] ! 1
b4t - et 5108 ———— e TI’H| ! ol e L“-. A g el 27 —e——
e s L § s Fa el - 4 s — oy E 0 5 v Ko o Theet e (e e B SRR
; Rl | i ; PSRRI 711 i N 71 iy o el RSO
.w m R il.li_ — - . |,.1 . s N i [SE
. # — [P 9 .,‘_lw - e | L.‘:|*1ol ..vtll
H - -t -— 4+ -1~ - l N -
3 » T 5 s :
_ |

f
FH =
i

i
t4
|
u
L

e
4 r ‘L‘_‘
e s

b
L

ST
N e
i

081

0.001

~d

0. 0Cl

Cl.C1l

Type (urve Representing the Change in the Value of W(u) and u

Flgure 3,

17



coordinates from the common point will give the wvalues of the plotted func=-
tions of the equations. Knowing these values, 8 and T may be ocaloulated for
the aquifer when constant discharge is maintained during the pump test.

Once the values of the ocoefficients have been determined for the aquifer,
the disoharge for a certain drewdown after any period of ocontinuous pumping
may be predioted by the equations.

Where several wells are confined to a small area in a multiple well
syster, they will have individual cones of depression overlapping one another
(Figure 2). The ocaloulation of disoharge frem such a system ia based on the
same ocefficients determined by a pumping test of a single well but the
oaloulations are ocomplicated by the interaotion of the individual wells being
pumped together. The drawdown represented by each cone of depression has a
ounulative effeot on the drawdown at any one of the wells in the system.

In the finsl antlysis of the results of this thesis, the discharge 1s
caloulated for 1 foot of drawdown ia various sandpoint well systems. It is
assumed that the suotion head is equal for each sandpoint well in the system

and that the drawdowa will be the same in each well.



METHOD OF PROCEDURE

The site selected for oonduoting the pump test was looated on the Thos.
Bartinson farm in Brookings County approximately 5 miles south and 1 mile
east of Brookings, South Dakota. The exact looation of the sandpoint well
was on the southwest corner of B} SW}, T. 109 N., R. 50,

The site for this study was ochosen partly beocause of the interest and
oooperation of the owner of the property. Also, the fact that the owner
had already suooessfully developed sendpoint wells on the farm for a water
supply for his own sprinkler system indiocated an extensive aquifer existed
there. A possible recharge boundary for the aquifer oonsisted of a peren-
nial stream flowing toward the Sioux River nearly 1 mile east of the pump
site. The Sioux River itself, meandering on a southeasterly direction,
formed another reoharge boundary at approximately 2 miles southwest of the
site. The looation of impermeabls boundaries was not definitely established.

On the seleoted site, the sandpoint well was installed at the looation
shown on the layout in Pigure 4« The sandpoint used for the well was ob-
tained from Edward E. Johnsonm, Ino., St. Paul, Ninnesota. The size of the
point was 2" x 30" x 36" with a slot No. 50.

First a hole was bored into the ground to a depth below the water table
with a pest~hole auger with an extended handle. The water table ocoourred
at approximately 64 feet below the surface cf the ground and the hole was
augered to a depth of 10 feet. A sandpoint similar to that shown in Figure
5 was coupled to a length of 2 inoh iron pipe and set in the augered hole.
With a driving oap on top of the pipe to protesct the upper end, the sand-

point unit was driven 9% feet into the aquifer to a depth of 18 feet.
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Figure 5.

A 2 Inoh Sandpoint, Tape Esa sure with Chein and Weight, and
Tools Used in the Fleld Work
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The nine observation wells were installed socording to the layout in

Figure L. These each oonsisted of a 20 foot length of 3/)4 inoh iron pipe.
Bsoh pipe was driven into a hole augered to the water table in the same
manner as that bored for the sandpoint well. These smaller pipes were
proteoted on the top by a oommon pipe ooupling and on the bottom by a solid
point fashioned in the meohine shop. This point was held in place by the
weight of the pipe itself while the pipe was driven to the desired depth.
It was then 1ifted off the point so the flow of water into the observation
well would not be restrioted. In additicn to the nine observation wells in
the immediate area of the sandpoint well, one well was installed north and
one south of the pump site eaoh at a distance of 1 mile.

The elevations of all the observation wells were determined and oriented
with a temporary benoh mark looated at the southwest oorner of the site.
Knowing the olontibnl, it was poeaible to measure the elevation of the water
table in each wll. A general idea was aoquired of the slope of the water
table and more extensive measurements were taken to study the effeots of the
barametrie pressure and the nature of the regional ohange.

To measure the level in an observation well a speoial method was used,
based on the fact that a heavy oonoave cbieoct will make a distinot sound
when %t hits the water surface. Thie weight was made by pouring lead inte
a plece of pipe about 1 inoh long “hat had an outside dismete- small en~ugh
'to eesily slip inside the 3/ inoh observation well. The bottom of t e
weight was formed hollow and a small wira locp was inserted inm the top. A
length of light ochain was used to citaoh the weight to the end of a tape
measure (Figure 5). The length of the ohain was adjusted so that the »ottom

edge of the weight when hanging freely reached exactly 10 feet below the



goro mark on the measuring tape. All measurements taken ranged from 10 to
15 feet.

A portable pumping unit, oconsisting of a oentrifugal suction pump
powered by a L oylinder Wistonsin motor, was rented from the owmer-operater
of the farm and used for pumping the well. It was oconnesoted direotly to the
tep of the sandpoint well by means of an Eriokson type ooupling and a length
of flexible hose. Even though a driving oap had been used to proteot the
top of the well pipe while driving the sandpoint, the threads were stripped
and had to be re-out before attempting to oonneot the pumping unit.

During the long period of pumping necessary for the test, the large
quantity of water pumped had to be disposed of in such a manner that it would
aet recharge the aquifer. About 40O feet of irrigation pipe was used to
earry the discharge over a hill away froam the pump site. A Sparling water
meter, whioh had been 'provioualy oalibrated, was installed on the diecharge
plpe from the pump (Figure &) to measure the quantity of disoharge. A valve
located between the meter and the pump (Figure &) was installed to assiset ina
priming the pump. With the valve olosed and the pump in operation a vaouum
was oreated until the flow of water reached the valve. Then, by opening the
valve, normal discharge was started.

The prooess of developing the well oonsisted of removiag the fine par-
tieles of material in the aquifer around the sandpoint leaving only the
ooarser gravels in place so that the flow of water into the well weuld be
restrioted as little as possible. This was acoomplished by accelerating and
deselerating the motor ocausing turbulence and back-flow into the well.
Considerable quantities of fine sand were oarried out of the well by the flow

of the water while developing the well.
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FigaFe 6. Pump in Operation During a Test. (Left to right) The Sperling

-y,

A

Meter, Valve, Portable Pumping Unit, and Samdpoint Well

ni‘r. 7. A Discharge of over 80 Gallons Per Minute
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Several preliminary runs were mede and measurements of thg water table
depression were noted in the observation wells. However, these wells did
not funotion properly and it became necessary to develop them in a manner
sinilar to the sandpoint well. This was aooomplished by pumping water from
the sandpoint well through a garden hose back into the observation wells.

The first pump test was made at a oonstant rate of oontinuous pumping
over a period of 76 hours. During this period the quentity of discharge
gradwally diminished from approximstely L1 to 37 gm.’ Since it was neo-
essary to maintain oonstant discharge to determine the transmissibility from
the data, this wvariation introduoed oonsiderable error.

Proa the experiende of the operator of the farm it was known that the
eapaoity for yleld from such a well was much greater. Furthermore, it was
Imown that such a well would yield more if it penetrated the entire aquifer.
Consequently, the sandpoint was driven an additional l; feet to a depth of
22 feet below the ground surface. It was again oonneoted to the pump and
developed as before. Several preliminary runs were nsde to determine the
performance that oould be expeoted under these oconditions. The discharge was
found to inorease to above 80 gpm and to remain reascnably oonstant. Figure
7 4llustrates a disocharge of over 80 gpm. A second and more sucocessful pump
test was made at the higher disoharge for a duration of 77 hours.

During the first minutes of the pump test, there was a rapid inecrease
in drawdown in the observation wells nearest the pump which diminished as
the duration of pumping conmtinued. In order to observe this rapid ohange,

it was necessary to have enough assistanse in taking measurements so that

90;1 lons per minute
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simultaneous readings of the water level in the observation wells could be
made for short inorements of time. Simultaneous readings were first taken
each minute and then for inoreasing tims changes during the initial 2 hour
period. The remaining readings were taken at increasing hourly inorements
of time. Figure 8 shows a wmeasuremsnt made in the observation well at the
sandpoint well and in Figure 9 the reading was taken in observation well
No. 1. To obtain acourate readings the tape was always held between the
thumb and forefinger and the thumb was dropped azainst the top of the pipe.
The tape was slowly lowered until the sound of it striking the surface of

the water was heard. The reading was taken at the top of the pipe when the

Pigure 8. Drawdown Measurement Being Made in Observation Well No. 9
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Drawdown Meesurement Being Made in Observation Well

No.

1
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first sousd was heard. With a little practice aocurssy was acquired in
mking the reedings.

Observations of tie water surface elevation at intervals before ths pump
test and daily readings for a peried of over 2 weeks after the test indicated
that there weas negligidble daily chamge due to factors other than pumping.

A previeus study showed considerakle dspression of the water talle due &
the pumpiag from other sandpoint wells on the farm. liowever, Lthe second
test was met performsd until the fall season and pumping for irrigatiea had
esetsed loag enough so that the water table had reocovered fiam any effects

from this souree.
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RESULTS

Many readings of the static water table level were taken at various
periods before and after the pump tests were performed. The row of observa-
tion wells e¢xtending to the north (see layout, Figure ;) was feound to have
a sloping water table of approximately 0.11% whereas the water table in the
row of waells extending to the east was very nearly level. In analyszing the
results of the pump tests, the data from wells No. 5 to 8 inolusive did not
oonform to the type ourve of the nonequilibrium formula nsarly as well as
the data from the wells on the level water table. ConseGuently, only the
data from wells No. 1, 2, 3, 4 and 9 were presented and used in obtaining
the coefficient of tranemissibility for the aquifer,

The data taken during the first pump test are shown in Table 2. It was
neocessary to apply to the data the correotion for a thin aquifer whioh had
a total thiolkness of 1, feet and these corrected values also appear in the
table. Because the variation in discharge oompared to the total discharge
was great and the magnitude of the drawdown was relatively small, the data
from the first pump test were erratioc to the extent that they were not
suitable for use in the final analysis.

" The measurements of drawdown taken from observation wells No. 1 through
L and well No. 9 for the second pump test appear in Table 3. These data
were eorreoted for a thin aquifer in the same manner as those #f Table 2.
The corrected values shown in Table 3 were utilized in amalysing the results
where ocoefficients of transmissibility and storage were determined.

Ohservation well No. 9 was located just 3 feet from the pumped well

and the water table oconditions during a pump test were very unstable at this
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Bhbkle 2. Discharge and Driwdown Data for Fump Test Namber 1

Koasured (s)) ead corrected (s)* drewiowa 1a feet
Time since

punp test “The. wel Cts. wel Cbs. wo Cbs. wel ds. well
started Discharge )’ L ﬁ l3 ]
(minutes) (gm) O e O s =8 n=s 5==s
1l 0.10 0.10 0.0 0,00 0,0
-} 0.15 0.15 0.02 0,00 0.00
3 0.17 0.17 0.03 0.00 0.00
Y 0.18 0.18 0.04 0.00 0,08
[ [+ u) 0e20 0.06 €.00 Q.00
a 0.22 0.22 0607 0.00 0.00
10 0.23 0.23 0.07 0.00 0.00
15 Oo2h 0.2 0.08 0,00 000
20 0.25 0625 0.10 0.00 0,00
» .79 0.77 0.27 0.27 0.10 0,01 0,00
45 0.30 0.78 0.29 0629 o.12 0,01° 0.00
60 ey .80 .78 0.3 0.30 0.12 0.02 0.00
20 0.82 0.80 0.32 0.3 0.1% 0.03 0,00
120 394 0.82 0.80 0.33 0.33 0.16 0.04 0.01
250 Y 0.85 0.83 0.38 0.37 0.20 006 0.81
480 .2 0490 087 0e43 Oeh2 0e25 0.12 0.02
720 T9.6 0.88 0.86 0445 Oe 0,29 0.4 O.gz
W o‘” o.’o oOA’ 0 oop 0019 O
w B, o.g 089 049 0,48 0.39 019 0.08
7. L+ 0.85 0.49 048 0.33 0.21 0,09
2160 7.4 0.88 0.86 0.49 O.48 0434 0.21 .10
26880 7.6 0485 0.93 0.48 0ek?7 0.33 022 0.11
3300 3647 0.82 0.80 Cok6 0.45 032 0.21 0.1
3600 372 0.85 0.83 0.47 0.46 0.33 0.22 0.12
4645 36.6 0.82 .80 0.45 Oudh 0.32 0,22 0.12

*s=8)-8)"/2m, vhere m=14 ft.

0€



fable 3. Discharge and Drawdewn Data for Pump Test Nunber 2

Measured (s)) and corrected (s)* drawdown in feet

Time since

Ealna,tut u Gbs. wellg Obs. well; bs. well, Obs. n113 s, well,
(xinutes) (gpm) 5 s ‘N s N s 8 s 6
1 0.09 0.09 0.07 0.07 0.01 0.0l 0.00 ©.00

2 0.15 0.15 0.09 0.09 0.01 0.01 0.00 0.00

3 0.20 0.20 0.10 0.10 0.01 0,01 0.00 0.00
0.3 0.3% 0.25 0.25 0.12  0.12 0.01 0.01 0.00 0.00

6 0.45 O0.44  0.33 0.33 0.13 0.13  0.01 0.01 0.00 0.00

8 0.54 0.53 0.41 0.40 0.16 0.16 0.02 0.02 0.00 0.00

10 o.gz 0.62 0.45 O.4% 0.17 0.17 0.02 0.02 0.00 0.00

1€ o. 0.83 0.53 0.52 0.20 0.20 0.03 0.03 0.00 . 0.00

20 86.3 1.07 1.03 0.58 0.57 0.23 0.23 0.0 0.0h 0.00 0.00

30 86.3 1.36 1.3 0.66 0.64 0.27 0.27 0.06 0.06 0.00 0.00

45 . 166 1.56 0.71 0.69 0.31 0.31 0.08 0,08 0.00 0.00

60 86..3 1.90 1.77 0.77 0.75 0.34 0.3 0.11 0.11 0.01 0.01

90 85.3 2.18 2.0 0.86 0.83 0.41 O.40 0.15 0.15 0.02 0.02
120 85.9 2.32 2.13 0.92 0.89 0.46 0.45 0.18 0.18 0.03 0.03
240 84.8 2.59 2.35 1.07 1.03 0.59 0.58 0.26 0.26 0.06 0.06
460 8 .0 2.79 2.5 1.20 1.15 0.71 0.69 0.34 0.34 0.09 0.09
720 84.0 2.83 2.55 1.28 1.2 0,78 0.76 0.4 0.40 .12 0.l12
1200 83.8 2.91 2.60 1.38  1.31 0.88 0.85 0.49 O0.48 0.18 0.18
1440 83.1 2.93 2.62 1.8 1.3% 0.91 0.88 0.52 0.51 0.20 0.2
1890 81.7 2,96 2.65 1.46 1.98 0.98 0.95 0.57 0.56 0.2 0.2%4
% 82.4 2,98 2.66 1.48 1.4 0.99 0.96 0.60 0.59 0.27 0.27
1.7 3.0 2.72 1.52 1.44 1.03 0.99 0.65 0.63 0.0 0.3

3240 1.7 3.03 2.70 1.5 1.46 1,05 1.01 0.69 0.67 0.32 0.32
3600 81,8 3.05 2.72 1.56 1.8  1.08 1.04 ©0.70 0.68  0.35 0.35
m 0 ,

8l1.3 3.05 2.72 1.59 1.% 1.10 1.06 0.72 0.70 0.39

's=01—31:/2 a, where m=1§ f¢t.

TE



distance from the discharging well. T srefore the data cbtaingl Zrom il.is
observation well were used cnly in checking the oocefflcient of trun...lssitbil-

1tyo
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ANALYSIS OF THE RESULTS

The nonequilibriur formula as previously explained is as follows:

s= (11L4.6 Q/T) W(u)

r2/t=(1/1.87 8) u

In applying these equations to an aquifer, S and T are oonsidered to
have a oonstant value for that aquifer. During the seoond pump test Q
ranged from 25.3 to 81.3 gpm (Table 3). The disoharge dropped to about
85 gpm after the two initial hours of pumping so Q was assigned a oonstant
of 83 gpm for the test.

The correoted drawdowns from Table 3, exoept those for observation well
No. 9, were plotted againsit the wvalue of ra/t cn logarithmio traoing paper
to the same soale as the type ourve (Figure 3). Selecting the position
representing the best matoh, the type ourve was superimposed on the plotted
field data as shown in Figure 10.

For various reasons the data obtained do not always oonform exactly to
the type ourve and judgment aoquired by previous experience must be utiliszed
in making the best fit. The greater the curation of the pump test the
greater the oonformity to the ideal situation; and, had this test been
oontinued for a longer period of time, the points would eventually allihave
fallen very olose to the type curve.

The superimpnsed ourve now represents the ooordinates of the plotted
unknowns in the nonequilibrium formula sinee any point on the ourve is a
oommon point of the respective ooordinates for both the well funotion and
the actual Aata. A oonvenient point to selpot is W (u)=1.0 at u=0.25 on
the type ourve oo~rdinates. This point falls on the ococrdinates s=0.28 and

r2/t=2.1 (10)1* for the drawdown data. JSubstituting these wvalues in the
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equations the following ooeffiocients are obtained:

lmoé 06 ° Y
. 2 W(u)= L gjz; = °)+=5h.ooo gpd/rt.10

T

T _ 3. (104 (0.26)
1.87 (/k) 1.87 (2.1) (10)’4’

0.225

After ocaloulating S and T, these values were used to check the draw-
downs obtained after 23 days of pumping during the seoond pump test. The
ealculated drawdowns were ocomparel with the corrected observed drawdowns
in Figure 11, At this particular time the digoharge was 81.8 gpm. The
following is a sample of the ocomputations involved;

At observation well No. L, r=200 ft., t=2.5 days

1.87 r®8_1.87 (200)2 (0.225) -1
n 3 (008 (2.5) %09

Prom Table 1, when u=1.98 (10)~1, W(u)=1.231

114.6 Q W(u) 1146 (81.8) (1.231)
. i — =0 fe.
S 3 (107" iy
The results in the following table—were oomputed by the equations shown

u=

above for eaoh well for Q®81.8 gmm.,

Table Li, Drawdown Caloulated for 2.5 Days of Continuous Pumping

Observation r 8 8, observed
well (gt.) A W(w) € 79) €]
L 200 1.98 (10)72 1,231 0.3 0435
3 99.9 L.l (10) 2.479 0.68 0.68
2 50.0 1.2 (10):§ 3,826 1.06 1.04
1 2.7 3.02 (10) 5.228 1.L4 1.48
9 3.05  L.60 (10)'3 9.410 2.60 2.72
At sandpoint 0.08%  3.41 (10)" 16.617 L.58 -

10Ga110ns per day per foot
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E 1/ using the following data: |
L2.72 | T=34,000 gpd per foot |
{1 2.60 | $=0.225
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Figure 11. Comparison of Observed and Calculated

Drawdowns for 2.5 Days of Continuous Pumping
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Further oalculations conoerning the hydraulics of the well were made.
The drawdown inside the well was not meaeured but in the above camparison a
greater drawdown than the calculated value is indiocated near the sandpoint.
Using the oaloulated drawdown of L,.58 feet, the sotual drawdown at the well
sould be expeoted to be greater than 5.75 feet when the correction for a thin
aquifer is applied. At 1007 well effiociency, the drawdown inside the sand-
point well would still be 5.75 feet and at less than 100% effiolenoy it would
be asorrespondingly greater.

The veloeity of flow in the well is equal to the discharge divided by
the oross-sectional area of the pipe whioh in this ocase equals 8.3} feet per

11

seoond. By the Darcy-Weisbach formula"" thes head loss due to pipo friotion

is oomputed as follows:
ne=¢ (L/D) V2/2g

where he—head loss in feet
f=numerioal factor determined by velooity and pipe diemeterl?
L=1length of pipe in feet (in this oase estimated distance water
1s 1ifted)
D=diameter of pipe in feet
V2/2g=volooity head

and hp=0.025 (15.0/0.167) [(8.34)2/(2) (32.2)]=2.42 ft.
The head loss due %o enlargement of oross seotion on the suction side

of the pump is computed by:13

nnng. Horace W., lillo_r, C. Os and Woodburn, J. G. Hydraulios.
5th ed. New York, John Wiley & Scns, Ino. 1948. p. 182,

121psa., p. 184,

131b1d., p. 203.

3
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he=1K, vi'/ 2g

where h_—=head loss 1in feet
=value of coeffioient for sudden onlnr;mntn‘

and hg=0.31 (8.34)2/(2) (32.2)=0.355 rt.

also Hp=h,t b =2.1210.34=2.76 fe.

Considering a well efficieney of 100% the total suotion 1ift after 2}
days of pumping is equal to the sum of the drswiown, elevation of the pump
above the water table, and total head loss. Lot Hy and Hy represent total
11ft and elevation of the pump above the water table, respectively. Then
Bp=s8)tHst Hp=5.751 9.51 2,76 =18.0 £t. (minimum).

The final analysis of the results for the pump test consists of the
computation of two tadbles by the use of the ooeffioients determined for this
pertioular aquifer. The first table, Table 5, lists the theoretioal dis-
eharge per foot of eorrected drawdown at the end of one day of oontinuous
pumping at 100% well effioieney for various arrangements in sandpoint
systems. Table 6 lists similar computations for theoretical discharge at
the end of ten days of coatinuous pumping. The nonequilibriwa formula is
used in the same manner as before for oomputimg discharge from systems of
ad jacent wells being pumped simultaneously except that the well funotion of
u 1s adjusted to oompensate for the interference of their respective sones
af depression. This is accomplished by ocaloculating a well funotion for the
radiue of each interferring well and using thé eumlative well funotion in
lwlviu for the discharge from the well in question. The sum of the dis~
charge for each well in the system determined im this manner is equal to the

discharge for the particular systes being analyzed.

—

Ursa., p. 208.
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Table 5. Theoretioal Disoharge Per Foot of Correoted Drawdown for Various
Sandpoint Systems After One Day of Continuous Pumping
at 100 Per Cent Well Efficienoy

Number of Iwo inoh sandpoint spaocing in feet 1% inoh sand-
points point spaoced
in system 10 20 30 L0 60 80 at LjO feet

1 18.9 18.9 18.9 18.9 18.9 18.9 17.8

e 27.2 29.0 30.2 31.2 3245 33.5 29.7

3 33.0 36.8 394 L. L5 L6.9 39.6

L 37.7 L3.3 k7.4 5047 56.0 60.1 L8.8

? L1.7 L9.3 55.0 59.7 67.3 73.2 5745

Table §.' Theoretioal Disoharge Per Foct of Corrected Drawdown for Various
Sandpoint Systems After Ten Days of Continuous Pumping
at 100 Per Cent Well Effioienoy

Fumber of Two inoh sandpoint spacing in feet 1% inoh sand-
points point spaoed
in system 10 20 30 Lo 60 80 at 4O feet

1 1645 16.5 16.5 16.5 16.5 16.5 15.7

2 22, 23.6 2.5 25.1 26.0 26.6 a,.2

3 26.3 28.6 30.2 31.4 33.3 3.8 30.4

154 29.2 32,5 3.8 36.6 9.6 L1.9 3546

31. 35.7 38.8 L1.2 L5.3 LB.6 ho.2




At the end of one day of continuous pumping, the discharge for 1 foot
of corrected drawdown from & samipoint system consisting of five 2 inoh
sandpoints spaced at L0 foot intervals with the pump located above the center
sandpoint is ocomputed as follows:

T=3.00 (10)'" t=1 day r in well=1 in.=0.0833 ft.
8=0.225 s=1 ft. no. points=5 spaced at 4O ft.

For center well:

_1.87 r® 8 _1.87 (0.0833)2 (0,225)
- =

. -8
s 34 (0 (o) 29 (10)

W(u)= 15.693 (From Table 1)
For 40' radius well:

_1.87 (10)® (0.225) TR
W= oW (1.0) =1.98 (10)=2; W(u)=3.365

For 80' radius well; W(u)=2,036
For 120' radius well: W(u)=1,.320
Por 160" radius wells W(u)=0.865

For oenter well:

_s1 [(1.0) (3.4) (10)b o= .
114.6 W(u) 114.6 [15.693+2(3.365)+2(2.0%) = &
For well half way out:
_(1.0) (3.4) (10)k
Q= :
116 [15.693+2 (3.365)42.036+1.30)
For well at end of system:
(1.0) (3.4) (20 i
1146 [15.693+ 3.365+2.036+ 1.320+0.865] il

Disciiarge from the five point system:

Q

=11.5 gpm

Q:

This discharge is the quantity listed for a five point system in the

column in Table 5 for a LO foot spacing.

40
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To assume the sswe drawdcwn in all the sandpoints in a gyatem, the
suotion lift at the tcp of each well must be equal. This ocndition will
exist only if the ocnneoting pipe Las a large encugh diameter so that the
head loss due to pipe friotion is negligitle. Under normal operating
ocnditicns, it would not be economically praciioal to install pipe of such
diemeter that all head loss in a system spaced 60 or 80 feet would be
eliminated; oonsecuently, t:e results presented in Tables 5 and 6 must be
adjusted for any varlaticn in the suction 1ift at the top elevation cf the
wells in suoh a system.

The values of the disoharge presented Lere fc- the various systems
are valid for an aquifer identical in natu-e to the one c2 whioh this pump
test was oonduoted. The results are caloulated for definite conditions and

are subjeot to ohange due to any variation in these conditions.



SUMMARY AND CONCLUSIONS

The discharge that a well penetrating a water-bearing aquifer ocan
produce depends upcn the capaoity of the strata to store and transmit
substantial quantities of ground water. The rate that water flows through
the saturated aquifer under certain qualifications determines its coeffi-
oient of transmissibility. If the drawdown and duretion of pumping are
measured, the quantity of disoharge from any well oan be oaloulated by
Theis' nonequilibrium formula using the average ooceffioients of trans-
missibility and storage previously determined for the aquifer being pumped.

In the pump test oonduoted on the Sioux River aquifer, the ocoeffioients

of transmissibility and storage were determined, respectively, as 31,000 gpd
per foot and 0.225 or 22.5%. These values were used in oomputing the tables
of discharge from various sandpoint systems after one ard ten days of
eontinuous pumping.

The following conclusions are presented:

l. Approximately the same discharge ocan be obtained by operating
five 2 inch sandpoints spaced 20 feet as by operating four spaced
LO feet. This msans that O feet of conneoting pipe can be
eliminated by installing the additional sandpoint at 20 feet and,
unless the diameter of pipe for the LO foot spaoing were inoreased,
the head loss due to friotion would be greater. Similar oompari-
sons ocan be made for other spaoing combinations.

2. A 13 inch sandpoint system will discharge almost as much water as
a 2 inoch system under the same oconditiozs. However, the maximum
drawdown in the former will be deoreased sharply due to additional
head loss oaused by pipe friotion.

3. The quantity of disoharge will gradually deorease as the duration
of ocntinuous pumping is inoreased. After a long period of
oontinuous pumping the area of the omma of depression in an
infinitely wide aquifer beoomes very extensive, and the rate of

deorease in the quantity of disoharge slowly diminishes until it
oan no longer be determined by ordinary linear measurements.

42



Li, Discharge is directly related to drawdown and any inorease in
drawdown will inorease the discharge for a system. Then, if
maximum 1ift is the factor limiting drawdown, it should be pos-
sible to inorease the discharge of a system by lowering the eleva-
tion of the pumping unit and decreasing the distance to the water

table.

The ooceffioients of transmissibility and storage determined sor this
aquifer are based on one pump test only. They are representative of one
sample and to obtain coeffiocients that ocharaoterize the strat more

aoourately, several pump tests should be oonduoted.
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