South Dakota State University
Open PRAIRIE: Open Public Research Access Institutional
Repository and Information Exchange

Electronic Theses and Dissertations

1958

Construction and Evaluation of the Performance of
a Horizontal Well in a Shallow; Thin Aquifer

Eugene J. Doering

Follow this and additional works at: https://openprairie.sdstate.edu/etd

Recommended Citation

Doering, Eugene J., "Construction and Evaluation of the Performance of a Horizontal Well in a Shallow, Thin Aquifer" (1958).
Electronic Theses and Dissertations. 2501.
https://openprairie.sdstate.edu/etd/2501

This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research Access Institutional Repository and
Information Exchange. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of Open PRAIRIE:

Open Public Research Access Institutional Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu.


https://openprairie.sdstate.edu?utm_source=openprairie.sdstate.edu%2Fetd%2F2501&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openprairie.sdstate.edu?utm_source=openprairie.sdstate.edu%2Fetd%2F2501&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openprairie.sdstate.edu/etd?utm_source=openprairie.sdstate.edu%2Fetd%2F2501&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openprairie.sdstate.edu/etd?utm_source=openprairie.sdstate.edu%2Fetd%2F2501&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openprairie.sdstate.edu/etd/2501?utm_source=openprairie.sdstate.edu%2Fetd%2F2501&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:michael.biondo@sdstate.edu

COMSTRUCTION AND KVALUATION OF THE PERPORMANCE
OF A RORIZONTAL WELL IN A SHALLOW,

THIN AQUIFER

Bugene J. Doering

A thesis submitted
in partial fulfillment of the requirements for the
degree Master of Sciemce 4t South Dakota
State College of Agriculture
and Mechanic Arts

Mavch, 1Sl

SCUTH DAKOTA STATE COLLEGE LIBRARY



CONSTRICTIOR AND KVALUATION OF THE PERFOSMARCE
OF A HORIZONTAL WELL IN A SHALLOW,
THIN AQUIFER

This thesis is approved as a graditable, indepondent investigation
by a candidate for the degree, Master of Science, and acceptable as
meeting the thesis requivements for this degree; but without implying
that the conclusions reachded by the candidate are necessarily the

conclusions of the major department,

ii



The author is deeply endebted to Professor Denmnis L. Moe and
Assoeiate Professor John L. Wiersma of the Agricultural Engineering
Department, and to Martin M. Fogel, Extension Ixrigation Speciaglist,
all of South Dskota State Collage, for their technical assistance and
encouragment in the analysis of the problem and in the preparation
of this paper.

Sinecewre sppreciation is also ackmowledged of the cooperation
of Doctor Desn C. Austin and Richard Craddock, Brookings, South Dakots,
owner and operator respectively of the property om which the tests wvers
conducted.

Acknovliedgenunt is slso noted of the genexrous assistance that
was willingly granted by all the members of the Agricultursl Engineering
Staff vhenever it was needed during the construction and investigatiom
af this well.



SIMMARY OF GROUMD WATER HYDROLOGY . . . . . . .
WORK OF OTHER INVESTIGATORS . . . . o . « 4 . «
Bquilibriun formlas . . . .. . o ..
Nomequilibrium formuls . o « o o « . « 4
Modified nonequilibrium formula . . . . .
Adjustment of tast data for thin aquifers
Pusp tests on horisontal wells . . . . .
ANALYSIS OF THE PROBLEM . . . o « o o o o o o &

APPENDIX A. DERIVATION OF THE NONRBQUILLERIUM FORMULA
AFFENDIX B, LIST OF SYMBOLS AMD UNITS . . . » « « « .

Lw

12
13
L
23
27

28
37

57

n
75



Table 1.

Tabdle 2.

Table 3.

Tadble 4.

Table 5.

Table 6.

Tadle 7.

Table 8.

LIST OF TABLES

Values of W(u) and u for the Nonegquilibrium
'aml‘ L] L] e o o L] * ® e o L] e o o L] e ° e ¢ o

Valuas of -u &d ¥(u) for Verticsl Vells of
Vll’ioulmli-m.l.......... o o o

Values of Cambdined W(u) end Dischaxrge for Eech
of Five 2-inch Sandpoints Spacad 20 Feet Apext
1n 8 Line and the Dischage of the Sendpoint
Systea end g 24.5 Yoot Radius Well - Case I . .

Dischaxge and Dravdown Data Collected During tha
W.cocoooocooo.o

Valuss of u and W(u) for Vertical Vells of
Verfoue Rdii - Case 2 . . « ¢ ¢ = ¢« & o i lapite

Values of Cambined W(u) end Discharge for Bach
of Pive 2-inch Sandpoints Spaced 20 Peet Apart
u.“in"m.!t- 8 @) e o e & ioh'®l del @ "o o) =

Values of u and W(u) for VCctu} VWella of
Various Radii - Case XXX. ¢« <. ¢ o & O ORI O

Values of Cambined W(u) sad Discharge for Rach
of Pive 2-inch Samdpoints Spesed 20 Jeot Apext
hl.l-ll.-c...xn-....-........

19

55

61

62



laas

Figure 1. The Disturbance Froduced io en Unconfined

Aquifeor by a Discharging Well . . . « o « « « + o &+ & 10
Pigure 2. Type Cxxve for tha Gomeguilibrium Formmls . . . . . . © 20
Pigure 3. The Drevdow and Recovery of the Water Level in

EWNlo s il e e e ép RAES5 @89 g & 2
Pigure 4. Type Curve Plotted om Semi-logarithmic

Coocdingte PIPEr = . ¢« ¢ ¢« ¢ o« o 2 o o v ¢ 0 0 05 0 o as
Figwre 5. The Elevation and Flan Views of the Dewatered

Volume of Sadiments Nesr @ .wnn. of Sendpoints

end s Borisvotal Well. . . . . ¢ ¢ s ¢ ¢ ¢ ¢ 0 o o 33

FPigure 6. The Bragline Working on the Bagrly Completed Pit. . . . 39

7igwre 7. The Ralaforaad Joint Between the 8-fneh Casing
and the 10-ingh BRANGE . . . ¢ ¢ ¢ o ¢ ¢ 5 ¢ o o o o 41

Pigure 8. The Reinforced and Bresed Coumection Betwean the
6-inch Casing and the 180-imch Rieer . . . . « ¢ ¢« . a2

Pigure 9. Msking the Final Check of the Bottom of the Pit
With a Geight Suspanded Fyom the Niddle of @ Rope . . A

7igure 10. The Campletely Fralasbricsted Nozisvatgl Well Seing
boved €0 CAe B & . ¢ + ¢ ¢ ¢ ¢ o 0 0 5 o 8 b s b0 &

Pigure 11. The Borimcutal Wall Being Lowared into the P4t . . . . A3

Pigure 12. The Sewwr Clesning Oesket With the Jaw Opem as
”.:gplgrgsg.icoloo o o g

Pigure 13. The Sewexr Claming Gucket With the Jmm Closed

o Hold & Load ae it {a Pulled O Che Right . . . . . &5
Figure 14. Proot Viev of tha Portable Boller ¢« . ¢ ¢ & o ¢« ¢ o ¢ & &7
Figure 15, Top View of the Portable Bollexr . . « ¢ ¢ o o o o o o & &7
Pigure 16. Sida View of the Portable Roller . . . . . o . « . . . 47
Pigwre 17. The Rmping Unit Instelled ot Sha Bgst Riser, . . . . . st
Pigure 10. The Complots Elbow MaCer ¢ . « ¢ ¢ ¢ ¢ o ¢ o ¢ o o ¢ o 52

vi



Pigure 19. The General Arrvangement of the Hovisontal Well,
the OCbservation Well, and the Surface of the
”M“‘m“.....&.......t..!3

Pigure 20. Drawdown Versus (r2/t) Curve of the Dasa
Collected During the Second Pump Tes€. . . . . . . . 58

Figure 21. Drawdown Versus Time Curve for the Modified
Wlﬂlh-w....-...........59



INTRODUCTION

For many years, man has sought means of securing water for both
donestic and beneficial use from the underground supplies of the earth.
Usually the mathod has involved the construction of a hole from the
ground surface into or through the water hearing materiml below, the
provision of curbing to protect the hole from the caving in of uncomsol~
idatad material, the developmant of the well so that the flow of water
into it will be restricted as littla &s possible, and the pumping of the
vater to the surfase or point of proposed use. Unfortunately tha
geology of ome area is often different from the geology of ather areas,
and the occurramce of underground water varies immensely as to depth,
eresl extmmt, snd usable quantity. As a Tesult numerous problems hava
been #icountered in the development of ground water supplies. One of
the problems that has bsen encountered in South Dakota is how to con-
struct & will economically in shallow, thin aguifers - & well thst would
yield sufficient water so @s to be usable a3 a source of water for
irrigetion. A possible solution is suggested in the horizontal well.

Although the idea is mot mew, its mpplication has been slmost am-
tirely confined to industrial and municipal dewelopments, and usually to
the immediate proximity of peremnial straama. Consiéguently, the term
most often used for thase types of structures was infiltration galleries,
and they were designed aither to @ollect saspage from the stramm or to

intercept flow to tha straam. ! l-ntcal.ly,‘ harisontal wells and infiltra-

lyliam, A.D., Weston, R.S., & Bogért, C.L., Waterworks Handbook,
third editiom, New York, McGraw-Hill Book Co., Imc., 1927, p. 260.



tion galleries are similar. soth are simply perforated conduits con-
structed horisontally in en aquifer, just es a vertical well is & con-
duit constructed vertically in an equifer. Infiltration galleries have
been successfully constructed from wod, metal, tile, and concrete at
various locations tbroyghout the world. S$Sose have beem constructed by
penetrating the aquifer from the ground surfsce. Some have been con-
structed near stresmg and the water diverted to an infiltration field
above tham. Othere have been projected laterally from vertical caissons.
Most notable of the last group is the method of construction used by
Lmney Method Water Supplies, Inc., of Columbws, Ohio. A lerge diameter
caisson is sunk to the bottom of the aquifer. A concrete plug ie poured
in the bottom, and the caisson dewatered.. The horisontal cesing is them
jacked out into the agquifer through upccllany prepared ports near the
bottom of the caisson. As jecking proceeds, the squifer is developed by
the ramoval of fine send, lesving a practically undisturbed, dut improved,
aquifer.

The initial construction cost of infiltration galleries has gean-
erally bdeen higher than the cost of coaventional vertical wells. Pumping
end meintenance costs are usually less, dowever; end infiltretion

galleries usually intercept weter more completely than vertical wells 2

Gelleries have beem successful wvhen constructed 5 to 10 feet below ths
veter table st low stage. A notadble example is the Des Moines gallery

in the Raccoon Kiver Valley of Iowa.d The.great bazard in the use of

2tbido| P 260-
31v1d., p. 26l.



infiltration galleries hgs besn ths decline of the water table. A
vertical well can somatimes he made deeper, but @ gellery cam omly ba
abandoned.

fince infiltration gallaries have besn effactive a&s a mamns of
securing lerge quantities of water from thin aquifers, the guastion has
arisen as to vhether or not a amill horisontal wall that would yield
sufficient wva: terfor irrigation could ba constructad at a cost that
would be within the budget of the family-sised farm in Scuth Dakota. If
8o, a subsaquent problem would bhe the developmant of some method of asti-
mating the gquantity of water s particular aquifer will yield to such s well.

The maximum limit of an expenditure for mam irrigation well may
be arbitrarily astimated at approximately $5.00 per gallon per minute of
irrigation water. That would ba & cost pger irrigated acre of approxi-
mately §30.00. Of course, the production of high value crops will justify
an even higher cost per acre for the well.

Probably the mast economical method of construction of a horizon-
tal well would be to excavate a hole axtending from the groumd surface
to the bottom of the aquifer with @ dragline, insert the completely pre-
fabricated wvell, place a graval smvelope around the horisontal screen,
and backfill with the previously excavated sand and gravel. Obviously,
such g mathod is limited to saguifers whose bottoms are approximately 20
feat or less balow the ground surface. Tha danger of cave-ins is probably
the greatest hazard of such a construction process. If shoring should
prove to be an absolute necassity, the coa-t would rise staeply.

Gnce the well is in place, some means must be providad for the

removal of fine sand that is carried to, and deposited in, the



horisontal casing during the development of the well. High pumping
rates and surges in the pumping rate may loosen the fine sand and carry
it all the w&y to the suction pipe of the pump eo it can be lifted to
the surface; but 1if such techniques do mot keep the horizontal casing
free of sedimnant, some msthod of physically removing that sediment must
be devised.

After all these problems have been successfully overcose, there
otill ramains the parssount question "How much water can be expected
from 8 epecific horisontal well?" A possible epproach would be to
relate & certain length of horisontal casing to a vertical well of some
particular disseter. If such a relationship can be found, the perform-
ance of such 8 well in snother place could be predicted from data col-
lected during a conveationsl pu=mp teet. ‘

This etudy will be confined to the details of the dregline cou-
etruction of a pit; the placement of & horiszontal well in a eballow,
thin aquifer; end en ectual pump test to learn if a certain length of
horisontal casing may be equivilent to a vertical well of sose partic-

ular radies.



At this poing, s brief discisseion will be made on a fev of the
prinsiples of ground wster hydrolojly and the texms that will be used
berein will be dafined. fster mmy occur below the mmface in the roeks
and ansoasolidated meterinle that mska up the esrth's ayust in emy oom-
cantzation fyom saxo Co complete saturetiocm of the interstices, or
voids, betwvean ths isdividual paxticles. The tarm "ground wtex’ applies
to the water in the sons of setuxation. The uper mwfsce of the soune
of saturation say take the form of a free wmter surfsce or be coafined
bolov an imparmmble lgyer. The Hrae weter surfsce in the womfined
form 1o cslled the weter table. Suse muthorities® ahoose to 1dentify say
formatiocn, grovp of forwazicas, or 1l,m. of a foremtion that is wmter
besring as en squifer, vhiress cﬁ._luu prefexr to define sn squifer as any
formaticn of perwasdle msterial thit will yield water %o gravity in appre-
ciable qumtities. Obvisusly the latter definiticn is @ bit moxe we-
strictive than the formasz, but at ths samm Cime it remognisas the rels-
tive ease with which wter may be secured in vazrious ereas. Consequmntly,
by the latter defisition a formation that would be olassed en equifer im
cas loesality wmight not rscessarily bs classed as cme in another locality.

The cecuzrranes of aquifers thrvughout the wrld i{s not wmiform in
areal axtent, depth, thickness, or the suomst of water thay will yield

(bi. o. B., ousline of groumd-wster bydrology, U. 8. Geolog-
icsl Swxvey Natex Supply Pspex 494, uemua p. 0.

u-lu»o. J. G., Groumnd Water, In Wisler, C. 0., & Brater, k. 7.,
Rydrology, New York, Jobn Wiley & Bems, Ino., 1956, p. 216.



to a well. Sowme aress may bhave several high yielding squifers piled one
above the other, wvhereas a neighboring eres way bave no aquifers at all
or only low yielding ones, depending upon the geologic origin of the two
regions. The emount of water that an aquifer will yield to gravity is
limited not only by the physical properties of thicknsess and areal extent,
but by its hydrologic properties es well. L. K. Wenael® has singled out
two bydrologic characteristics as being of the utmost importance - perme-
ability gnd specific yield.

The pareeability of a rock or soil with respect to water is its
ability to transait water under pl.’.llllt..7 Perweadbility varies greatly
from oae formgtion to another and may be differemt 1in different direc-
tions in a particular aquifer. 8ince p®tweability is such a variable
property, &n averge value called the "co;!ttctcnt of pexwusability” 1is
ususlly used in ground water work. It 1is expresaed quantitatively es
"the rate of flow of water {n gallons per dsy through a cross-sectional
axea of one square foot under s hydraulic gradient of one foot per foot
at & tempersture of 60°7 8 Hydraulic gradient and pressure gredient ere
synouymous in ground water studies - the rate of change of pressure head
per unit of distsnce.?

Under vater table conditions the speoific yield is the ssde as

6uansel, L. X., The thiem method for determining perwasbility of
water-besring materisls, U. 8. Geological Survey Water-Supply Paper 679-A,
p. 4,

7mtnm, 0. B., op. cit., p. &4,

a’m’-" Jo cn. Op. Gtt., p- 206‘

9llomsct. Oo. B., op. cit., p. 3.



the "coeffiocient of storage” end is defined as the gquantity of water,

in cubic feet, that is yielded from a vertical columm of aquifer whose
base is 1 square foot vhen the water level drops 1 foot.10 Coefficients
of storags will usually renge from amall numbers to approximately 0.30
and sre dimensionless.

In nature, a state of equilibrium bhas been establisbed between
the natural discherge from, end the natural recharge of, aquifers. The
thicknese is usually quite conetamt or cyclical, and so is the hydraulic
gredient. If wman constructs a well into the aquifer, the water level in
the wall will coincide with the water table adjacent to it until pumping
ie begun. When water is discharged from the well, the water level inside
is lowered. This produces a pressure differential betwveen the water
lavels inside and outside. Because of tl;o high frictional resistance of
the porous material, the water behaves more as a viscous fluid then as &
li.qui.d;u but even so, it tends to flow from places of high pressure to
placas of low pressure. Thus flow is induced toward and into the well.

During the esrly stages of pumping, much of the water that flows
into the well comes from squifer storage in the immediate vicinity of the
well. As pumping continues, more and more pressure gradient is estab-
lished, end the disturbance is noted in the aquifer farther and faerther

eusy. The free water surface is deflected down in the vicinity of the

wnnan, R, C., Some field applitations of water transmissibility
end storugu coufficients, Agricultural Bngineering, 25:1299, August 1944.

uﬂci.nut. 0. B., General principles of ground wauter recharge,
Economic Geology, 411192, May 1946.
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well. The dewatered volume takes on & ehape eimilar to sn inverted cone
with its vertex at the water aurfece in the well. Thie cone of depres-
sion 1is descrided by Theis as:

+ + +» the geomstric solid imcluded between the water table or
other piesometric surface after a well has begun discharging and the
hypothetical poeition the water table or other piesametric surface
would have had 1if there had been no discharge by the well. . . . The
vertical distance at sny plece between the hypothstical uninfluenced
position of the pissosetric surface and the actual surface after dis-
charge has begua, that ia, the lowering due to discharge, is the draw-
dow at that place csused by the diacharge.l2

As time progresees and dischaxge continues, the drswdowm will continue to
incresse and the cone of depreseion will grow laterally. Also, & greater
percentage of the discharge will be drawn from the flow induced by the
hydraulic gradient produced by the well and a smaller percentsge will be
drewn from storege. When the flow from storege has diminished to zerxo,
stesdy flow will have bemm established from the aquifer to the well in &
quantity equal to the discharge of the well. The saae quantity of water
will be passing aseh of the infinite number of concentric cylinders that
surround the wall. The maxisam distance from the well at which a die-
turbanoce is noted in ths aquifer &s a result of pumping ia known as the
radius of influence of the well at that diecharge. Thie stesdy flow con-
dition ia a theoretical conditiom in most cases becsuse equilibrium is
seldom attained during emy pump test. Tbeia wmekes this very clear when
he states:

Time is en eseential variedble in the description of the cone.
The time rate of lateral growth of ths cone is independent of the

“'nuu. C. V., The significance and nature of tbe cone of
depresaion in ground-weter bodies, Economic Geology, 33:891, December
1938.



rate of discharge by the well and depends only on the physical
characteristics of the aquifer. . . . Hence the cone of depression,
as here defined, can have no definite limits sbort of at lesst one
of the hydrologic boundaries of the aguifer.l3

Although equilibdrium is seldom established with reference to aqui-
fer dischsrge, the cone of depreseion is one of the useful tools we have
for determining aquifer characteristice and for estimating the ssfe yield.
Another of the toole is the drawdown curve which is the drewdowm observed
ia an observation well plotted against the logarithe of either time or
the reciprocal of time since pumping started.

Figure 1. 1s a sketch of the effects produced by pumping a well
under water tasble conditions and the eymdole that will be used to iden-
tify certain specific values in this paper.

The hydreulic gredient at a certain point at some particuler time
is evidenced graphically by the elope of the cone of depreseion at the
distance of the point frow the well at that time. The rate of flow in
eny particular squifer at any particuler distence from the discharging
well is proportional to the hydrasulic gradient at that point. A steeper
hydraulic gredient ie required to induce as mueh flow in a medis with a
low permeability tham in a media with a high permeability.

As a well is pumped and the water level is drawn down in the well,
pert of the aquifer is devatered. In the case of thin aquifers, this
dewmtering is especially to our disadventage becsnse there is usually an
appreciable decresse in the thickness o!‘uturntod agquifer that remaine

to supply the well. Even though an incresse in the rate of discharge 18

131p1d., p. 889.
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Figure 1. The Disturbance Produced in an Unconfined Aquifer by a Discharging Well.
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ususlly sccompanied by greater drawdowms, the two factors are not
nscessarily proportional. As the drawdown becomes relatively large as
compared to the aquifer thickness, a unit increase in the hydraulic
gradient can no longer induce emough flow to the wall to compensste for
the unit loss in saturated thickness of the aquifer as well as incraase
the discharge some proportional amount. Consequently, the increass

in discharge usually becomes progressively less with ssch additional
uait of drawdown when the drawdown is mot very small compared to the
original seturated aguifer thickness.



WORK OF OTHER IRVERSTIGATORS

The study of the wovemant of ground water can be divided into two
asjor groups depending upon whether or not the hydrologic system is in a
state of equilidrium. Equilibrium conditions are independent of time.
Noaequilibrium conditions sre constantly chenging with tima. Before man
disturbed the ground water bodies, they were sssentially in a state of
equilibriwa - the discharges and recharges vere in balance, end the hy-
drenlic gredients and water tables were relatively constant or cyclicsl.
The pumping of a wall creates sn unbalance in this system that must be
compensated for by a corresponding change ecmevhere in the original
ground water body. The time it takes for nature to ggain establish
oquilibrium 1is difficult to detecmine, but it was in texms of this re-
establishmant of equilibrium that the firet discoveries were made thst
gove us our initial iesight into the laws of natwre that govern ground
wvater sovesants. It wes not until 1935 that a mseans of handling the
function, tima, was devised, thus giving us a weans of predicting what
vill hgve bappened in en aquifer at any perticular time even though the
system is constamtly changing.

The esrly discoveries pertaining to equilitrium conditions will
first be described briefly. Then the nonegquilibrium formules thst will
be used in the enalysis of this problem will be discussed.

The rate of flow of wvater through a porous madia is proportionsl

to the hydreulic gredient.}3 This s simply s restatement of Darcy's

151@1'1., J. 6., op. cit., p. 226.



lav which was published in 1856 es o result of hie etudies of water per-
colating through filter sande. In the study of ground vater, the quan-
tity of water diecharged is usually required instead of the velocity of
flov; therefore, the equation stating Darcy's law of laminar flow is

ususlly written

Q= PIA
wvhere Q 1is the dischargs in gallons per day (gpd); P is the coefficient
of permasbility of the squifer in gallons per day per square feot; I is
the hydresulic gradient in feet per foot; and A is the cross section of

the ares of flow in equare feet.lS

Esuilibrium forwul gs;
In 1863, Jules Pupuit devised a formula for well diechargs com-

bining Darcy's lev and the statemant of continutty.” His formula was
based on the asewmptions that all discharge flows horisontally into the
sons of influance of a well; that the flow through any concentric cylin-
der about a well is horisontal; that the hydraulic gradieant at all points
on the cylinder surfece is equal to the slope of the free water surfacs

at ite interssction with the cylinder; and that steady flow exiete.l8

161p14., p. 226.

"Potcrooa, D. ¥., Jr., Rydraulics of wells, Proceedings of
Ameczican $ociety of Civil Enginesrs, Sepérate No. 708, June 1955, pp. 1-2.

“htcrooa, D. F., Jr., leraeleen, O. W, Emgen, V. E., Bydraulice
of wells, Utah Agricultural Sxperiment station Bulletin 351 (Technical),
1952, pp. 5-1A.

Y



Dupuit's Sormusla is es follows:
Q=K .._____h‘z . h"z
log (re/ry)
whers K is a constant that includes the permeability of the aquifer, log
signifies the logaritim to the bass 10, and the other symbola are the samea
es thoee identified {n Figure 1. The chief objectious to Che use of thie
formula are that it is difficult to evaluate r, and that tbe eurfece of
sespage ie completely ignozed. However, it hes beea experimentally ebown
that it will give scourate estimates of Q.l'9 The usual procedure in prec-
tice ia to arbitrerily select a reascunsble value for ry to meks the
prodlem one of direct solution.
Sabbitt end Doland20 suggest e mfthod of eolving for both xq and
the aquifer charecteristics using the Dupuit formula with observations
made on one pumped well after two pump tests using two different rates of

discharge. PFirst, let re = CQ. The eguation then becomes

o "‘2'32
= ).

By aubatituting the corresponding valuea of h, end Q in the equation, two
equatious involving only C and K &8 unknowns are obtained. BSolving aimul-
taneously, C and K cen be detexmined. Wow ry end Q can be computed for

any particuler drawiown. The drawbeck of this method lies in the need of

two pump testa, on the same well, that have bean continued until

191014., pp. 14-15.

20g4bbits, H. K., & Doland, J. J., Water Supply Enginesring, fifty
edition, Wew York, MsGraew-Mill Book Co., Inc., 1955, p. 63.



equilibrium is established. It is questionable whether such conditions
will actually be reached in practice unless the discharging well is very
near to & recharge boundary.

In 1906, Gunter Thiem modified the Dupuit formula and epplied it
for the firet time to the determination of the field coefficieant of
parmeadility using drawiowns obtained from two or mors observation wells
nesr s pumsped well. The Thiem formula for the coefficient of permea-

biliey 1e2d

527.7 q log 2
9

Ps 1
. -
" (.1 '2)
vhere q is the discharge in gallons per minuts (gpm), r, and r, are dis-~
tances from the pumped to the observationm wells, s. and s, 8re drawdowns

1 2
in the observation wells, log signifies the logarithm to the base 10, and

m' is the sverege satursted thickness of the aquifer at the observation
wvells vhen equilidrium is reached. Although the Thiem forwula is based
upon the assumption that equilibrium has been re-established since pumping
began (which usuelly never happens during a typical pump tast), it has
given quite reliable estimates of the field coefficient of permeability

especially whan T, and r, were not excessively large and the pumping time

2
vas several dzys. Such results are possible simply becauae the cone of
depression essumss its equilibrium form near the pumped well quite soocn
after pumping begins. After this form is assumed, that portion of the
eone simply lowers with time @as the cone of depression extends laterally.

Consequently, subseguent profiles of that portiom of the cone are actuslly

u\inul, L. K., op. eit., p. 10.



perallel. 1f the obsetvation wells intersect the portion of the cone
of depression that has reached equilibrium form, the quantity (o1 - '2)
will not change numerically with time.

The Thiea formula is also somevhat restricted as to its applica-
tion becsuse it is based on the assumptions that the permeadbility is

constant for the entire aquifer and that the static water table is level.

Nonequilibrium formulg:
In 1935 a formula was developed that described the behavior of

ground water under the nonequilibrium conditions that were produced by
discharging wells. Theis recognised that there was a similarity between
the hydrologic conditions existing in an squifer and the thermal condi-
tions existing in a similar thermal system, and that the mathematical
theory of heat conduction that bad been developsd by FYourier and others
wvas laergely applicable to hydraulic theory. The Theis nonequilibrium

formla' 2 ie as follows:

o0
s M0 3 / (e™/u) du

T /
1.87 ris/Tt

wvhere ¢ is the drewdown in feet, q is the discharge in gpm, r is the

distance from the pumped to the observation well in feet, t is the time
since pumping started in days, 8 is the coefficient of storaege (as a
decimal), end T is & new term called the coefficient of truimiui.btlity

of the aquifer.

nthc eaTl.oto derivation of this formula es presented by Theis
&nd Lubin {s i{ncluded in this paper as Appendix A.



The term “coefficient of trensmissibility” 1is here used to
danote the product of Meinser's coefficient of permesbility and the
thickness of the saturated portion of the aquifer; it quantitatively
describes the ability of the aquifer to transmit water. Meinser's
coefficient of permeability denotes the character of the materisl;
the coefficient of trmui.ui.bnﬁy denotaes the enslogous character-
ietic of the aguifer as a whole.®

The coefficient of transmissibility is defined guantitatively as the rate
of flow of water in gallons per day through a vertical strip of the
aquifer 1 foot wide end extending the full saturated height under a unit
gradient at a tamperature of 60°F.

The equation does not lend itself to direct solution for 8 and T.
The following grephic solution is suggested by The1s.2® The definite
integral is a foxm of the exponential integral and is a function of the
lower limit. Tables of the value of .the definite integral for various
values of the lower limit are available Ehi.thoonun Physical Tables,
8th rev. ed., table 32, 1933; the values to be used are those given for
Ri1(-X), with the sign ehmnged). The value of the integral is given by
the series?’

oo
- 2 3 4
(¢"%/u) du » -0.577216 - 1o u+u - 8 4 U___ - Y
/1.;1 rlsirz pureTtar tyr Attt

23":.1., C. V., The relation between the lowexing of the pieso-
metric surfece and the rate and duration of discharge of a well using
ground- water storags, Transsctions Americam Coophysics Union, 16:520,
August 193S.

zﬂluul, L. K., Methods for detemining permeability of water-
bearing materf.als, U. S. Geological Survey Water-Supply Paper 887, 1942,
p. 80.

25‘1'11010, C. V., The relation betwwn the lowering of the pieso-
metric surface and the rate end duration of discharge of a well using
ground_water storage, Transactions Amserican Geophysics Union, 16:520,
August 1935.



when u ¢ (1.87 r28/Tt). The exponential integral may be written W(u),

vhich 1s vsuslly resd "yell function of u"; and the formula becomes

s s[m;ﬁ__i] W(u) and T - 114.6 q W(u) 5))
s

2 T

L [1-.%7 ’] u od 5. dte, (2)

Yor any particular aquifer end pump test, the quantities in the brackets
will be constant. Therefore, the drewdown ie related to i’i in a sanner
that s aimilar to the relation betvean W(u) and u. VWhen values of W(u)
are plotted sgainst corresponding values of u on logarithmic coordinate
paper, a graph of the "type curve” is produced. If drawdown is plotted
against corresponding values of {3 on logarithmic coordinate tracing
paper of the sems scale es the type curve, another curve will be pro-
duced. If one curve is superimpoaed upo-n. the other with the axes held
parallel, there will be a point of best fit somevhere along the two
curves. The coordinates of that mstch point are noted on both curves and
those values of W(u), u, {3, and s are used in equations (1) and (2) to
deteruine the coefficients of transmissibility and etcrage. Tadble 1 and
Pigure 2 are the values of W(u) and u for the nonequilibrium formula and
the plotted type curve respectively.

The nonequilibrium forwula cen be applied to cone of depression
problems in other ways, too. 1f the coefficiente of transuissibility
and storage are known, the value of any one of the terms in either eque-
tion (1) or (2) can be computed for amy pirticular comdination of values
for the other terms.

The vonequilibrium formula also lends iteelf to determination of



Values of W(u) and u for the Nonequilibrium Formula,*

Table 1.
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Figure 2. Type Curve for the Nonequilibrium Formula.



aquifer characteristics by using data collected during the recovery of a
punped vell .26 fhen the pumping of & wall that has been discharging at
4 conetant rate for a certain lemgth of time is stopped and allowad to
recover, the water level in the well will rise at the same rate as it
would had pumping basn continued at that constant rate and & recharge
well with the same flow imposed on the system at the time the pusping
was actually stopped. The net rssult would ba the removal of no wataer
from the aquifer. The residual drawdown at any time is the distance the
vater level in the well is below tha static water teble. Tha recovery
At any time is tha distance dbatwean the actual water leval in tha wall
and the laval at which it would have been if pumping had been continued
without recovery. The Theis noneguil ibrum formmls for th& rasidual draw-
down at eny time becomes

& » 114.6 g

T
1.87 :zl/r: 1.87 rZ:/r:'

which, for probleme ordinarily encountered im ground water hydraulics,
reduces to?/
o L adisfs , &
T t
wvhere o' is the residusl drawdowm, t is the time since pumping begam, and

t' is the time sinca pumping stopped. (Ses figure 3.) (Tha complete

261p1d., p. 522.

271p14., p. 522.
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derivation as presented by Theis is given in Appendix A.) When converted

to common logarithms, the equation becomes

2688 A
s T~ log o

If the discharge and coefficient of transmissibility are considered con-
atant for the entire period, the plotting of residual drewdown against
the logaritha of -E-' should yield a straight line that passes through
the origin. If the points do not plot as a straight line, Thels suggests
that it 1is probably due either to the fact that the water table rises
faster than the surrounding pores are filled, or that the quantity

(1.87 x28/Tt') e mot small; wvhereas Jacob?8 suggests that it is due to
variability in the coefficient of storage that can be contributed to the
hysterieis of the capillary fringe and to-the envelomment of sir bubbles
in the rising water table.

When conditions are such that the data do plot as a straight line
that passes through the origin, the coefficient of transmissibility can
be computed simply by solving for T in the equation

T = 264 q 10 {5 ¢!

the value of Lm,#slsfl being obtained directly from the slope of the

straight line plot.

Hodified nonequilibrium formulg:

Jecob recogniszsed that s similar relationship could be derived for

z8.!.:01», C. E., Recovery method of determining permesdility,
ampirical edjustment for, U. $. Geological Survey, mimeographed report,
November 10, 1948.



the ehange in the drswdowm at one obsarvation well as the time changed
vhen the value of u vas small.2? The equation eimply becomes

AOsoz-lln 19*" log {f

vhere U and s, are the drewdowms cbearved at times t, end ty respectively.

2
This relatiocoship 1s usually called the modified nonequilibrium formula.

Obviowsly, 1if t; is ten times as great as t) the formuls reduces to

A9 3 264 e and T . 2809 .
T 28
Therefore, if the drewdowms ocbaerved in one observation well sre plotted
agaiast the logarithm of the corresponding time eince pumping started in
muinutes; 8 etraigbht line sbould be produced when t is large enough to

make u bde -iu. 6mall is defined by Brovnso

as & value that is leas
than 0.02 becguse the Theis type curve becomes a etraight line for valuas
of 1/u greater than 50 wvhen it is plotted on eemilogoritimic coordinate
P& with W(u) on the arithmetic scale. (See figure 4.) as then, is
the chenge in drswiown spanned by the straight line in any one log
eycle.

The coefficient of storage can also be computed if the straight
line 1is extended ¢to intercept the sero-drewdown line. When the drswiocwn
is sero, the egquation

o - Uil g [ smas o.snz]

”hrru, J. 6., op. cit., p. 242.

’olm. Ruseel H., Selected procedures for enslysing aquifer test

dats, Jouwual Aserican Vater Works Assoechation, 45:858, August 1953.
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raduces to

o
"

In (1/u) - 0.5772.

(1.87 r¥8/e, T), 1a (T t,/1.87 r28) « 0.5772.
Therafora,

J0.5772

=

8 = 0.301 T to'
Y S

where t, is ths time intercept on the mero-drawdown axis, in Illtys.sl
Jacob™2 has also dsmonstratsd that the coafficiemts of transmis-

oibility and storage of sn aguifer can be determined if the drawdowns

are rasd simultsnecusly on a group of obgervation wells that are on line

with the pumped well at some time after pumping is bagun. He suggests,

though, that the value of u should be less than 0.01. This time the

drawdowns aere plottad against the logarithme of theair respective r values,

and a straight line is drawm through the plottad points, vounding off

the data. The formula for the coefficient of transmissibility in this

case i#

Tamll-ﬂ 10' :10
AS l'l

As before, the logaritimic term becomes 1 when as is chosen as tha

31mrru, J. @., op, eit., p. 244.

”me, C. E., Notes on determining -permeability by pumping tests
ender water-table comditions, U. 8. Geological Survey, mimeographed re-



change in drawdown spanned by the line in trasversif one log cycle.
To determine the coefficient of storage, the line is again exten-
ded to intersect the aero-drawdown line and the radius of influence of

the well {s resd st that intercept. The formula is the same as before

§ . 0.30L7T ¢,
l'z

where r, is the asro-drawdown intercept.

Adjustment of test dats for thin aguifers:

One of the basic essumptions in the derivation of the formulas
that have just been discussed is that the coefficient of trensuissibility
ramains constant during the test. Under wgter table conditions, the
drawiowa that is produced to induce flow toward the well csuses a reduc-
tion in the ssturated thickness of the aquifer. If the obaerved draw-
dowms (y) ere large as compered to the original ssturated thickness of
the aquifer (), they must be reduced by the factor (y2/2m) or the comp-
utations will not give results that are representative of the existing
conditions.)? If the sdjusted drswiowns ere represented by s, the ob-
served drensiomns by y, and the original ssturated thickness of the
aquifer by =, the formula for the edjusted drawdowms will be

s :y- (yi/2m).

When dealing with thin aquifers, y is usually quite lsrge compared

to m; therefcre, the adjustment will almost invariably need to be made

before an enslysis of the dats is sttempted.

33rpi4.



Lxse tests on borisontal wells:
No evidence was found of a pump test ever having been conducted

on a horisontal well congisting of one straight length of horisontal

caesing in a shallow, thin aquifer to determine aquifer characteristics.



ARALYSIS OF THE PROBLEM

There are, in gencral, two methods of increasing the eqacted
yield of water from & well. One is to make the well deeper. That bas
ths effect of not only increasing the effective coefficient of transmis-
sibility, but @lso of pexruitting an incresse in the hydrsulic gradient
that iaduces flov toward end into the well because the dramiown can be
imsveased. ihen we are desling with shallow, thin aquifers, the well
ustuslly pmetrates the entire agquifer in the first plece; consequently,
mgking the well desper is an impassibility.

The sccond method is to make the well larger in digmater. But
Co make & wall tw feet in diamoter instaad of only one foot does mot
double tbe yield. The incresse is, in fact, mich less than double. Let
us vefer again to the Dupuit equation and review the relationship of the
various factors to each other:

Qsk ;-uih_: cx Gathd G b
Ty Ty

The tera (hg - b)) 1is actuslly the obsarvad dr&wdoun in the will. Obvi-
ously, 1f the permeability end the drawdown gre held coastent end the
radius of the well is incraased, the mumarical valus of the dencainator
will decremse. $ince the lataral growth of the cone of depression 1is e
function of time and this eguatiocn epplies tnly to equilibrium eocnditioas,
L will ramsin constant. Therefore, Q will iocresse not directly ae the
radius of the well, but will be inversely proporticnel to the logerithm
of ;':;v 1f ¥4 for a psrticulsr case were 1000 fest, the dimmeter of o
well would have to be changed from one foot to approzimately 4S feat to



doudle the yield. Suech & solution would be neither ecouomrical nor prac-
tical.

Q {s proportional to the permasbility, end the thicknees of the
aquifer; but it 1is not ascasssrily proposticasl to the drewdown even
though 8 basty glmice at the preceading equation might so indicete. The
proporticaglity betvean Q end drewdow exists only when the drewdowmn is
small compared to aquifer thicitness. Oodsr unconfined cocditiocns the
direct proportionslity has usuaslly ended by the time the drswdown be-
conas approximdtely 301 of the squifer thtnkaou.“

S$ince the depth of 8 wll in g thin squifer cannot be made greater
to incresse the yield, the only altarnative is to increase its offective
diemeter if more water is neadad. Reprasemtative figuras can be used to
simplify the problem. lof instancs, 8 particuler thin eguifer bas an
original ssturated thickness of 7 fest, & coefficient of transmiseibility
of 17,000 gsallons per dsy per foot, s coaffioient of storage of 0.225,
ad the required dischazge to operate s particular irrigation system
1e 200 gellons per minute for & ten-day period of pumping. The maximm
cbserved drewdowo that may be produced 1s to be limited to 5.0 fect wbich
vhan edjusted for thin aquifers 1is 3.22 fest (5 « y - é). Bov lerge
must the well be? A solution of the Theis noneguilibrium Sormuls for v
resulta in @ required radius of 147.7 feet, It is interesting to note

ia passing that s 12-inch digoster well in such em squifer would produce

Mpanison, K. ¥., Cround Vater, first editica, St. Paul 4, Mim.,
Cdwuxd B. Johnson, Inc., 1947, p. 208.



only 34.8 galloms per minuta for thet same ten-dsy interval. A 2-inch
sand point would yield only 27.6 gallons per minute.

From the sbove considerations, it is aspparsmt that the solution
to such a problem is not a dirsct increase in the diametsr. A battery
of sandpoints comnected as a unit and pumped as one well is & possible
solution. > Using the method presented by Holman on g line of five 2-
inch sandpoints spaced 20 feet apart in this same aquifer, the yield was
computed for a tan-day period of pumping using the l-nximun drawdown .

The results of thass calculations gre tabulatad in Tables 2 aiid 3. These
computations are based upon the assumptions that the drawdowns will be
equal in all of the sandpoint wells. In priactice this is am impossibility
because of the friction losses in the comnecting pipas. Such & gystem is
also limited by the suction lift that cam b;davelopod by a pump that is
common to all the sandpoints, and by extrems priming difficultias when
the required lifts are in excess of 15 faat.

A review of the preceeding figures indicates that it may be quite
impractical to attempt to enlarge & system of sandpoints enough to obtain
the required discharge from such sn aquifer, aspecially if all of tha
sandpoints are to ba pumped by a common pumping unit.

The next logicel approach to the problem would tham be the prin-
ciple of the horigontal wall. This could bs attacked from the angl® of
a vertical wwll of an affectivg radius to which a certain lamgth of heri-

sontal casing would be equivalent. In other words, the size of a vertical

MSholman, Harold, Discharge frem a dendpoint system for a thin
aquifer in ths sioux river ares, Unpublished M.S, Thesis, Brookings, south
Dakota, South Dakota Stats College Library, 1955,



Table 2. Values of u and W(u) for Vertical Wells of Various Radii -
Case I. (T = 17,000 gallons per foot per day, 8 « 0.2285,

8 » 3,22 feet, t = 10 days.)

JRadius in feet u W(u) |
0.0833 1.72 x 10 ~8 17.%
20.0 9.90 x 10 4 6.34
24.5 1.49 x 10 -3 5.93
60.0 3.96 x 10 3 4.96
60.0 8.91 x 10 ~° 4.15
80.0 1.58 x 10 ~2 3.59 B

Table 3. Values of Combined W(u) and Mnch}ao for Each of Five 2~
inch Sandpoints Spaced 20 Feet Apart in a Line and the
Diecharge of the Sandpoint Syetem and & 24.5 Foot Radius

Well - Case I.

Combined W(w)* | Ms_&ua
Center sandpoint 39.9 12.0
Sandpoint 20 feet out 39.1 12.2
__Ssndpoint at end 36,3 13.2
__The sandpoint system 62.8
—24,5 foot radius well 80.3

#These values sxe combinations of values of_H(u) from Table 2 according

to the method presented by Holaan.



wall that would yisld tha same gquantity of water as a cartain leagth of
horimontal casing if both types of well were consEructed in the same
aquifer. Such an estimate of effective radius is very difficult to make
because flow into a horigontal well is likaly mot to be radial. The
piesometric comtours will likely approach am alipse in shape rather than
a circle sven in the theoretically parfesct case of a homogensous aguifer,
and the cone of depression will quite likaly tske on different shapes at
different stations along the horisontcal .

To simplify the problem, a number of sssumptions must be made:
(1) that tha aquifer Ls hemogenecus; (2) that the horisontal sereem will
be placed at the bottom of the aguifer; (3) that the placement of the
well doss not disturbt mough of the agquifer that there is an appreciable
change in its characteristics; (4) that the statie water level is, for
all practical purposas, level; and (5) that flow approaches the horizontasl
in the sams mamer s it wuld approach a straight lime battary of sand-
points,

1f all these eonditicas are met and an effective radius of
m%m is assumed, sstimates of the yield can be made.
There is no migic imvolved im the selection of such an effective radius;
it is simply the radius of & circls that has & circumiersncs equal ko
tvice the langth of the horisontal. Obviously, the flow of water in the
aquifer will approach the well from both sides, amd the well should
actually be fod by a length of aguifer agqual to twice tha length of the
horisontal screem.

The use of the squivalesnt radius 15 sssily demonstrated by an



exaxple. A well consisting of 77 feet of 8~-inch horizontal casing ia
17

placed in an squifer. The assumed equivalent radius then could be a3
24.5 feet. Using the seme agquifer characteristics as were previously
used, the expected yield of a 24.5 foot radius well during a 10 day pumping
period with maximur drgwdown is shown in Table 3. Such computations
would indicate that this type of & well would be more effective than a
system of sandpoints under similar conditions if the assumptions are
representative. Such reasoning seems logical, especially after an exsm-
ination of Pigure 5. The volume of sediments that is dewstered by the
horigontal well is greater than the volume that is dewatared by the sand-
point system. It is also conceivable that the quantity of water that an
aquifer will yield to the horiaontal well should be greater than the
quentity it will yield to the ssndpoints because a much larger area of
screm is in cootact with the aquifer. All the water that is yielded to
& a@dipoint system must converge on one of the sandpoints, vhereas much
of the water that reaches the borisontal well can do so by following
paths that are cormal to the borisontal cesing. The latter are shorter
peths for mugh of the weter.

Aleso, the Ranney Company often uses an estimated effective radius
of 80% of the average length of their laterals when they use a complete
systea rediating all directions from the c.i.uon.36 By comparison, the

essumption used herein is 31.82 for only one straight line instead of a

nuaber of radiating lines.

36(1.«:, Fred, Jr., Director of Research, Ranney Method Vater
Supplies, Inc., 2. 0. Box 5415, Columbus 19, Ohio, Information about
renney collectors, (Personal Conversation), 1957.
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The straight line of 2-inch sandpoints spaced 20 feat apart was
purposefully chosen for comparison because the linear extent of such a
system is 80 feet. Thea linear extent of the horizomtal well was 77 feat.
The yield of the horizontal well was estimated to be 80.5 gpm against
62.8 gpm for the sandpoint system. That would indicate a 26.2% advan-
tage in favor of such & horizontal well.

Should such an advantage check out in practice and & horisontal
wall be economically femsible, horizontal walls might bring irrigation
to a vast area that is pressmtly plagued by frequent drouths, and that
is blessed by shallow, thin aquifers.



CONSTRUCTION PROCSDURE

The site selected for the coustruction of the horigontsl well
wvas on a farm owned by Dean C. Austin located approximately 5 miles south
of Brookings, South Dekots, in Brookings County. The well was comstruc-
ted on the N} of SWk of SWg of Sec. 24, TIO9N, RSOW.

Two reasons prompted the selection of this location. PFirst,
both Austin and his tenant are deaply interested in irrigation; and
second, the aquifer was thin enough that the problams go far discussed
vare of the utmost significance. The tenant is presently irrigating from
a battery of sandpointa, but his program is seriously handicepped by the
limited quantities of water which he is sble to secure. The reasons for
such a shortage of water have already been discussed. Also, this site
is near the site used by Holman wvhen hs conducted his study of multiple
sandpoint eystams.

The aquifer itself is 7 feet thick, and it is covered by 11.5 feet
of ovardburden of which all except the top 16 inches (approximately) is
sand and gravel . The sands of the aquifer are quite fine and quite well
sraded es is gvidenced by an effective size of 0.22 mm and a uniformity

coefficiant of 2.7J.

A dregline contractor was engaged to construct & pit large enough
to allow the plecenant of s prefabricated horisontal well coneisting of
77 feat of 8-inch diameter perforsted casing (horisontal) equipped with
a plain 18-inch disneter riser at ssch end making a total of 80 feet of
length. Such sediments as weare encowmtered will stend nearly vertically

when not influenced by ground water. In the range of ground water



influence, the sediaents are unstable and assume an angle of repose of
approximately 2:1. The emcavation was begun approximately 30 feet in
width end the sides cut nearly vertical until the water table was resched.
Then the axcsvation was continued in the middle allowing the sides to
assums their own slope. It was sssuwed that such a method would entail
the novesent of the muallest possible volume of material.

The dregline moved back after the hole had been dug to the desired
depth end width within its reach. Consequently, the pit wes constructed
from one end to the other. (8ee figure 6) Such & procedure is compli-
cated by the problem of finding rooe to domp the excavated materisl with-
in resch of the dragline. It is bslieved by the writer that a better
plen for any future developments would be to hgve the dragline work cross-
viss to the proposed pit. By so doing, the excavated materiasl could be
dumped behind the dragline instead of beside it. The spoil materiasl
could be kept farther avay. Work would still proceed from one end to the
other, however.

During this counstruction process, the dragline operated in the
water that sesped into the pit. The stirring of the water caunsed by the
removal of esch bucket of sediment semsed to cause siseable quantities
of sand to be pulled toward the middls of the pit. It is possible that
less material would bhgve had to be ramoved 1if the water had besan pumped
down @8 low as possible in the pit. The pit could have bean at least
partially dewatered by the use of & flexible suftion hose attacbed to &
floating intske. Another sdvantage of working in only 1.5 or 2 feet of

water iastesd of 7 feet is that the dragline apitrator could see what he



rigure 6, The Dragline Working on the Nearly Completed Pit.

was doing during nearly all of the digging operation.

Even though the banks ware relatively stable, cave-inag vers a
constant threat. Working normal to the pit would probably have besen an
adventage here, too, because & little more slofie could =asily be put on
the sides. Also, hgving the weight of the excavatad material farthar

back should add to the stability of tha banks,



While the digging was in process, the wall was being prafabricated
beside the pit. Tha E-inch diameter horizontal scresm was standard 14
gauge casing perforated with 3/16 inch by 1.25 inch glots that wms pur-
chased from Dempster Mills Fipe Company of Baatrice, Nebrasky. These
slots may sound excessivaly large for use in an aquifer with sand of sush
e small effectiva miza; but a gravel envelope was to ba installad.
Klaer37 guggested that the slots be 3/8 inch wide. With a gravel blanket,
wvide slots would be lasa likely to become plugged with sand tham nsrrow
slots. The Rammey Company usas & 3/8 inch slot exclusively, snd remove
en average of from 3 to 7 cubic fest of fine sand for sach foot of 8 inch
casing that is projlct|¢.3i That results in a developad area about
8 feet in dismeter sround the lateral. Ho such elaborata aquifer devel-
opuent was anticipated for this waell, but the principle of larger slots
seamad to be as applicabla heres as in the larger, more alaborata develop-
mants .

A hole was cut in the side of two lengths of l8-inch diameter
standard plain casing 8 inches up from the bottom and a length of tha
8~ inch dismeter perforated casing was inserted, securéd, and reinforced
as is showm in Pigure 7. Such a joint was zonstructed for sach and and
both ends were braced with an 11.5 foot 2xf (wood) and bands as is showm
in Figure 8. The completely assembled well is shown awaiting completion

of tha pit in Figure 9.

31b1a
38g411tch, E. W., The place of ranney collectors in the water
supply industry, Technical Report No. 3, Ranney Method Water Supplies,
Inc., Columbus 19, Ohio, 1948.



The excessive turbidity (resistance to tha passage of light) of
the wvater in the pit made it nccéssary to chack the condition of the
bottom and the depth of the excavation with a weight suspended from the
middle of a rope stretched across the pit. The final chack is being
made in Figure 9.

The dragline then moved to tha side of the pit, picked up the
well, ard lowered it into place in the pit. Figure 10 and 11 show the
well in transit to the pit. Such & structure is swvkward, to say the

least, and many helpers were needed to help guide the well into position.

Pigure 7. The Reinforced Joint Between the B+ich Casing and the
18 «inch Riser.



Figure 8. The Eeinforced and Braced Comnection Retwasnm the 8~inch
Casing and the 18 <nch Riser.

The 18 dnch riser was placed at both ends of the horisoatal
casing to serve a very special purpose. If fina sand should be carriasd
into the well and deposited there, the bemefits of a lomg horisontal
casing would be lost; so some method of cleaning had to be provided. By

using an 18 «4nch riser at ecach end, a PpSFTABLS Foller could be inserted



L
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at each end of the horisontal and a sewer clesning bucket could be
worked back end forth to bring the sand to the end where it could

be 1ifted out of the well. When the sewer cleaning bucket is pulled
forward (to the left in Figure 12), the jaws are open so that sedi-
meuts cen enter the bucket. When it 1is pulled back (to the right in
Pigure 13), the jaws close and the load is retainsd in the bucket. The
normal practice is to pull the load towvard the discharge end of the

conduit.

Pigure 9. Meking the Final Check of the Bottow. 5T the Pit With a Weight
Suspended Prom the Middle of & Rope,



Figure 10. The Completely Prefabricated Horigontal Well Being Moved
to the Pit.

Tha portabla roller is shown in Pigures 14, 15, and 16, The woad
block is a portion of am 18-inch dimmeter disk which distributes tha hori-
soatal thrust over & large portion of tha wall of the riser. The roller
is & piece of 5.5-inch dimmeter pipe fillad with contretas to hold the hub
in place. The long vartical pipe served as a handle and gives & conven~
isnt means of anchoring the roller ko the top of the riser.

During the early stages of pumping the sewer cleaning bucket was

operated continually by & man &t asch 18-inch riser to bring the sand to



tha suction pipe on tha pump mo that it could be discharged with the
water. One man was gble to pull the bucket each way during the develop-
ment of the well. Very littls sand amterad the horizontal cesing after
about 5 hours of pumping. However, a 1/8 dnch airplane cable was left
threadad through tha well. Should any sand sccummilate in the faturas,
the cabla can be uasad to pull a rops through and the cleaming process
can be rapaated. It would ba axtramsly difficult to clesan a horizontal
wall vithout such a precsutiom or without accass to both ends of the

horisontal casing.

Pigure 11. The NHorimontal Well Being Lowered into the Pit. (A rain-
storm added much discomfort to the anxiety of the moments .)



Figure 12. The Sewsr Clesning Bucket With the Jaws Open as it is Pulled
to the Laft to Get a Loaed.

Figure 13. The Sewer Cleaning Bucket With the Jaws Closed to Hold s Load
as it {o Pulled to the Right.
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As soon as the well was placed in the pit, the dragline operator
proceeded to place a pea-rock blamket over the horizontal casing. This
gravel blanket wms made approximately 1 foot thick and as uniform &s
possible under such comditions. Dswatering the pit might have had the
same advantages here as have besn previously memtionsd.

Before backfilling was basgun, the gravel emvelope was chaecked by
probing tha bottom of the pool from a raft becausa tha water was too tur-
bid to allow & visual inspaction. It appeared that the gravel envelops
vas quite uniform in thicknass, but that a cave-in that occurred during
the placement of the well had deposited somsa sand in tha middle of the
pit. Consaquamtly, the middle of tha horisomtal casing was raised
approximitely tem inchas. If this had not happenad, a little more draw-
down could have besn safely developed in tha subsequent pump test.

The pit was backfilled at tha ands only, and caly to about 1 foot
shove the water lesvel. The emtire hole was mot filled because of two
reasons. Pirst, tha pump could be placed lower, thereby reducing thes
suction lift required during development and tasting. Second, by leaving
the open pool in the middle of the pit, the gravel smvelope aould be
visually imspected periodically during the development of the well.

Early in the development process, it became evideat that the
wvater leavel im the pool was higher tham it wes in the surrounding aquifar.
Buch a situation is not naturml, since tha fras body of water was separ-
ated from the horizontal casing ouly by the gr.ﬁcl envelope. An inepac-
tion after the pool was emptied revealed a deposit of fime particles on

the surfsce of the graval. Apparsmtly, the witer was carrying the fine



particles as it flowed to tha well., The cpen pool was acting as s
stilling basin and the sediments were forming a layer that was more
impervious than the original aguifer.

This leyar was ramoved and did not devalops again to eny appra-
ciable axtent. Apparently, the fine sediments were tha result of a
natural development; and had the pool not besn left opem, they would
have basn carried into the well and removed in the dischaxrge water.

The cost of the materisls for such a horigontal vell as has beem
described was $450.00. Tha excavation cost $400.00. Tha cost of the
labor required to prefabricate tha joints betwaen the 8-inch casing and
the 1B8-inch riears and to build tha portable rollers was §50.00 making

a total cost of §900.00 for the unit.



THE PUMP TEST

A centrifugal pump powered by a gasoline a:gino” vas used for
the pusp tests. The pumping it was mounted at the east end of the well
vith the lower end of the suction pipe approximgtely level with the hor-
isontal casing. (8ee Figure 17.) The discharge was measured by an elbow
meter which consisted of a mercury-wvater differential manooeter attached
to the inside and outside of the bend of a standard 2 {nch threaded
elbow. The difference in pressure between the inside and outside of the

bend is evidenced by an unbalance in the manometer. This unbalance can

40 The firest test was

be converted to gallons per minute of discharge.
run at a discharge of 156 gallons per minute which is equivelant to a
sefcury-water unbalance of 6 inches. Por the second teat an unbalance
of 2.5 inches was used which indicates a discharge of 100 gallons per
winute.

The first pump test wvas handicepped by engine troubles tnat de-
veloped after 2.5 hours snd the test had to be abandoned after 8 houre.
Bowever, the test did indicate that the pumping rate was too high and
could not possibly have been sustained for 3 days.

Three weeks was sllowed to ellapse before the second test wvas

attempted. This time interval allowed the water table to recover from

the disturbance created by the pumping. The testing was also done

39constructed Machinery Company, Raimmaster Model SS 5H 75, 5 in.
75 HP? pumper.

"olobcruon, J. A., The use and explanation of the elbow meter,
Weshington State Institute of Technology Bulletin 209, December 1950,

p. 7.



FPigure §i. The Pumping Unit Instslled at the Bast Riser. (The srrow
indicates the elbow portion of the elbow meter.)

he fall of the year vhen tha water table is gmmerally changing
from f@lling to rising stages. Not only was this naar to Che critical

| far as aquifer thickness is concernad, but it is also the time
ich seasonal and regional changes are the lesst likaly to ceuse
le changes in this aquifer during a test. The discharge water
eyed to a dry draw some 500 feet away from the well so that it
inddy with as little danger as possible of establishing e

condition.




Pigura 18. The Complete Elbow Meter.

The obeervation wall for this uﬂnnd.l-t was located 12.5 feat
sway from the well on a line perpmmdicular t£o the middle of the hori-
sontal casing (Figure 19.) and consistad of two lemgths of stamdaxd 8-
inch dimmeter perforated well casing thet was dug in by hand at the emd
of the first pump test to sllow the use of the comtinuous recording
stage recorder plus a lk-inch sandpoint that was drivem down such that
the top of tha smdpoint screen coincided with' the bottom of the 8~inch
casing. Such an arrangement gave an obutvano;l well that penetrated
the aguifer more than & feet with m!onuong over its entire length.

Thus tha decline of the frae water surface could dbe recorded.



e

Figure 19. The General Arrangement of the Horizontal Well, the Observation Well, and the Surface of
the Open Pool of Kater.

e
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The escond pump test wes accomplished without diffiemlty. The
dsta ere recorded in Teble 4. Ths plotting of the drmmicen vexsus
§ ove (Pigure 20.) tndicates that there must be & varistica in equifer
characterietics in the viginity of the wall bacause the poiats do not
fit wall to &8 amooth curve gven though the dischezge was held constant.

The readings co the obéaxvation wall that vere taxen awxring the
firat few minutes of pusping wvere made by using ea ¥M-Soope beceuse the
amallest tima interval that ocould be effectively resd fxam the stags Te-
apdear chaxt wes 5 aioutes. Toumrd the end of the test, raadings had to
be takea by msens of en N-Scope in ths lk-iach sandpoiant decause the
8-inch disseter obsexvetion well was not deep enonugh ¢to pamit the use
of the eontinuous recording stage recordex dcm the entire test.

The aeaond pump test wa cocatinued for 67.3 hours. By the end
of that time the drexsiown in the esst 18-inch rieer wes 4.70 feet. The
elevation of the water aurface in the l8-inch risers semad to fluctuate
slightly during the test. It is believed that this fluctuation was
caused by slight irregularities in engine performance.

Changas ia barametric preseure wuld have no effect upoun the
aatsuremmts takem duxing this test Decsuse the water tsble wes exposed
o the stmsphme in the vieinity of the well snd ocbservation well.
Therefore, changes in atmospheric pressure wuld act egully oo the

water aurfsce in the cbservation wall end on the water table erowmd

the obaszvetion well,



Table 4.

Discharge snd Drawdown Data Collected During the Second Fump
Test.

Date | Time | q 3 Observation walld [ in Pumped
(Wov.) of | (gpm) | (min.) well®
_——__—s%—_:.—..-.—-_% Rl E_4§=##
23 1&00 0 0 0 0 0
100 0.5 .03 0 .03
1401 100 1.0 .06 o .06
100 L.5 .08 0 .08
La02 100 2 .10 0 .10
1403 100 3 .12 o .12
1404 100 4 15 0 .15
1405 100 5 .17 0 .17
1406 100 6 .19 0 .19
1408 100 8 .21 o W21
1410 100 10 .22 0 .22
1412 100 12 .23 0 .23
1414 100 14 .25 ] .25
1418 100 18 .28 N .27
1426 100 26 34 0l .33
1430 100 0 .37 .01 .36
1436 100 36 .40 .01 .39
140 100 40 .43 .0l .42
1445 100 45 .45 .01 A4
1450 100 30 .47 .02 )
23 1500 100 60 53 .02 .51
1510 100 70 .57 .02 .55
1520 100 80 .60 .03 .57
1530 100 90 .63 .03 .60
1550 100 110 70 .03 .67
1610 100 130 .79 04 .75
1630 100 150 .87 05 .82
1700 100 180 .97 07 .50
1730 100 110 1.09 08 | 1.01
1800 100 240 1.17 .10 | 1.07
1900 100 300 1.35 .13 | 1.22
2000 | 100 1,50 .16
All drawdowns are recorded in feet, m s 7 feet, 5 = (y -;&/zm),

r = 12.5 feet.
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Table 4. (Continued)
Date Time q £ Obgervation vell® | 1In Pumped]
(Wov,) of | (epm) | (min.) [ A
day ¥ y2/ad o | b ]
23 2100 100 420 1.59 18] 1.41
2200 100 480 1.70 21| 1.49
2300 100 540 1.80 23] 1.57
23 26400 100 600 1.91 .26 1.65
24 0100 100 660 1.99 28] 1.71
0200 100 720 2.07 JAl| 1.76
0300 100 760 2.13 32| 1.81
0400 100 840 2.19 34| 1.85
0500 100 900 2.22 35| 1.87
0600 100 960 2.24 .36] 1.88
0700 100 1020 2.27 J37] 1.9
24 0800 100 1080 2.31 38| 1.93
0900 100 1140 2.34 39| 1.95
1000 100 1200 2.% A0 1.97
1100 100 1260 2.41 Al 2.00
1200 100 1320 2.43 42 2.01
1300 100 1380 2.46 A3 2.03
1400 100 1640 2.8 A4 2.05 4.29
24 1600 100 1560 2.56 A7 2.09
as 0100 100 2100 2.75 54| 2.21
0400 100 2280 2.84 .Ssu 2.26
0900 100 2580 2.98 63| 2.35 4.648
1120 100 2720 2.98 .63} 2.35
1430 100 2910 3.05 66| 2.39 4.55
1735\ 100 3095 3.1 69 2.42
201s| 100 | 3233 3.14 70| 2.44
25 2 100 3480 3.18 J2 2.46 4.70
26 0919 100 4039 3.18y . 2.86| 4,70




(@ g
—

AMALYSIS OF RESULIS

The dats were first analysed by the ancequilibrium method.

Pigure 20 wes compared to Pigure 2 to find the point of best fit between
the corves when the coordinate axes of the 2 plots wvere held parallel.
The respective coordinates of the metch point on the 2 figures are lieted
on Jigure 20. The coefficients of transmissibility end etorage wesre com-
puted snd found to be 24,900 gallone per day per foot (gpd/ft.) and 0.506
regpectively. Both of these coefficients ere larger than was enticipated,
probably es a result of the disturbaace created in the squifer by emca-
vation, by the opan pool of weter and poseibly by the shape of the well
itself. Tbe effect of the open pool on the storage coeffiesient should
have bsen even more proucunced earlier in the pump teat.

The data were then acalysed in texme of the modified acnequili-
drium method. The sbape of the curve produced by plotting drmwdown
against the logarithm of time euggeste that this is not & homogmmeous
aquifer. (See Pigure 21.) It w=s felt that in spite of all the changes
in the slope of tbe curve, the portion of the curve that would best rep-
resent the true aquifer conditions would be the portion represented by
laxge values of t. Such a selection yields e cusfficient of transmieei-
bilicy of 24,900 gpd/ft end a coefficiant of storage of 0.565. The
similarity of the 2 ssts of agquifer coefficients ie to be axpected. The
fact that the coefficients of storage ere not exactly alike is probadly
due to the choice of a line through the plotted points, on either Figure
20 or Pigure 21. 8inees it ie difficult to de sure whiech coefficient of

storege is ia error, an average of the two will be wsed - 0.53S.
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it has already been noted that the drawdowm in the 18~-inch riser
below the pump was 4.70 feet just prior to the end of the test. 1f the
ccefficients of transsiissibility and storsge that wers couputed from the
data collected during the second pump test conducted om the horizontal
well are chosen as represemtative of the agquifer the computations of the
discharge that can be expected from a system of five 2- inch sandpointe
sre tabulated in Tables 5 and 6 as Case I1. These computations are based
upon the same drawdown gend the same period of pumping that produced the
discharge of 100 gpm from the horizontal well.

Table 5. Values of u and W(u) for Vertical Wells of Various Radii -~ Case
EX. (T = 24,900 gallons per foot per day, 8 = 0.535, y = 4.70
feet, » = 3.12 feet, and € = 2.8 days.)

.I,_M_ [ {u)
0.0833 9.96 x 10-8 15.55

20.0 5.7 = 10°3 4.59

0.0 2.3 x 10°2 3.22

0.0 5.7 x 1072 2.44

80.0 9.19 x 107% 1.9

Vhen the camputed disciherge of 115.1 gpm for the sandpoint system
is compared to the discharge of 100 gpm that was determined by pump test
of the horisontal well, the indication is that the aquifer is capa:le of
yielding water more readily to a system of five 2°inch sandpoints than
to a horisontel wall. Such a circumstance does not seem to be realistic,



Table &, Values 2f Combined W(u) end DPiechacge for Each of Pive 2-inch
Sandpoints Spaced 20 Feet Apart in & Line - Case I1I.

Combined W(u)* | Discharge in .pm
Center sandpoint 31.2 21.7
Sandpoint 20 feet out 0.4 22.3
-{ End sendpoint 2.7 24.4
--The sandpoint system 113.1 |

*These values are combinations of velues of W(u) from Table 5 asicording
to the mathod presented by Roiman,

and causes the suthor to conclude that the nonequilibrium and modified
nonequilibrium formulas cannot ba applied dtroctly; to data collected
during & pump tast conducted an & horizontal well to deterumine aquifer
charactaristics. However, it is worth noting that the failure of the
vertical well formulas to apply here may have been at least partially
caused by the combined effects of the opem pool .andthe mmcunt of aquifer
that was disturbed during the constructiom of the pit,

More realistic comparisons srve obtained when the expectad dis-
charge of the sandpoint system is computed using the coefficients of
transmissibility and storage that ware computed from data collected
during @ previous pump test on one sandpoint well mear this well, and
the same drawdown that was observed hare durimg this 2.8 day pump test.
The computations are tsbulated in Tables 7 and 8 as Case IIIX.

A comparison of the calculated yield of 72.8 gpm for the sand-
point system and the pump test yield of 100 gpm for the horisontal well,



o B

Tadble 7. Values of u and W(u) for Vertical Wells of Various Radii - Cmse
III. (T « 17,000 gallons per foot per day, 8 « 0.225, y =
4,70 faat, 8 = 3.12 foot and ¢t = 2.8 days.)

e Efilius in feet u _Miu)
0.0833 6.14 x 10°8 16.03

20.0 3.54 x 1073 5.07

4.0 1.41 x 1072 3.70

60.0 3.18 x 1072 2.90

8.0 5.66 x 10" =

Table 6. Values of Combinmed W(u) and Discharge for Egch of Five 2—inch
Sandpointe Speced 20 Yast Apart in a Lipe - Case III.

Center sandpoint 33.6 13.8

Sandpoint 20 feet out 32.8 14.1
—iad_sandpoint 2.0 N
_|The sandpoint system 2.8

*These values are combinations of values of W(u) from Table 6 accowding
to the method presented by Holman.

both for 2.0 day periocds of pumping, (s much more realisctie than the
compar fison previously mads using coafficients of tramsmissibilicy and
storage obtained by a punp test 0of Cha borisontsl wall. This compaxrison
gives an apparent advantage of 37.3L for the horipsmtal well over tha
sandpolnt system. Once again it must be kept in mind that part of Ethis



appasent advantage may be caused by the effects of the open pool of
water and the smount of the aguifer that wes disturbed during construe-
tion of the pit. The writer believes that the apparent advantage in
favor of the horizontal well would not have been as great if those two
factors had not existed.

Now that it has been demonstrated that the coeffigiemts of zrans-
uiseibility and stovage of 17,000 gallons per day per foot and 0.225
respectively appear to describe the agquifer in question more seccurately
than the coefficients determined by pumping the horisontal well, the
riadius of a vertical well that will yield 100 gpm of water for 2.8 days
with & drswdown of 3.12 feet can be computed:

- g
we) = Fbee ~ YR

s 5.5 x 10"'

R v I v -

Fzas.l fest

Therefore, the equivalent redius of this horiscntal well is 25.1 fest,
which is within 2.5% of the originally estimated equivalent radius.

1t is wow evident that this particular horisontal well is not
mn.ummuuuwmu“”nuw-cu
8 10- day period of pumping. In fact, the expected discharge for tem
days of pumping based upon sneguivalent vertical wéll with & vadius of
25.1 feet, a coefficient of transmissibility of 17,000 gallons per day
pex foot, a coefficient of storage of 0.225, and a5 adjusted drawdown



of 3.22 feet is 81.1 gallons per minute. This computed discharge re-
sults in a cost of §11.10 per gallon per minute for the well. Based
upon the assumption thet 6 gpm ere required to irrigate ome ecre, the
cost of the well per irrigated acre becomes §66.60.

Although such a cost paxr irrigated acre for a well acan be defemded
saanomically, it is consideredly highar than the usually empected costs
{nvolved in sveas vhere vertical wells can be suscessfully used. Infor-
mation that has been reseived indirectly from well drillers &nd other
people workiag with irrigation in eastezrn South Dakota indicstes tbat a
vextical irrigation well usually coste edbout §13.00 par foot to comstruct
and mgy everage 100 fest in depth. Such wells generslly produce from 600
to 1,000 gpe in the sreas where they ere used which results in a cost of
from $1.50 to $§2.50 per gallom per minute and a cost per irrigated acre
of from $9.00 o §15.00. Consequently, the srbitrary estimation of
$30.00 per ixrigated acre ea a prodbadle maximm expanditure for a bori-
sontal well seems ¢o be a logiecsl choiee. People genarally empect
highar costs under adveree ecaditions end the prodlems to be overcoma 1o
tha develomest of shallow, thin aquifers are numerous; but a cost of
$66.60 per ixrigased ecre 1is high wvhen cospared to the $9.00 to $15.00
pex irrigated acte for vertical wells in more fortunate sress. Bowever,
an eved greater coet per irrigated acre for a well ean de justified
cuouamicelly espeeially 1if high value crope (horticultural, ete.) are to
be produced. '

The quantity of water that a will csa produce Bot omly has a

steong influance upon the cost of the weter but is of the utmoet



importance in itself. This is especislly true in the case of tha diver-
eified fazme of esstarn South Dakots snd is illustrated by an exzample.
Bven though a well aight be capable of producing 10 gpm at a cost of
$1.00 per gallon per minuts, it would not be practical for the irrigation
of corn and alfalfa; vheress & well that is capable of produaing 500 gpm
at & cost of $5.00 per gpm mey ba hoth esooamical and practical for the
irrigation of corn end alfalfa.

This perticuler horisontal well does not produce sufficient weter
to oparse the proposed irrigation system. Consequently, its practicality
is seriously impared regardless of the cost per gpm.



SUMMARY AND CONCLUSIONS

The borisontal well wvas constructed in & shallow, thin aguifex
in tbe Siouxz River Valley in Brookings County, South Dekota. The pump
test data wexre snalysed by means of ths nonequilibrium @ethod aad the
mdified nonemilibyium msthod to detaxmine the azuifer cheresteristics.
The coefficiests of trmmmaigeibility and stovage ware foumd Co be 24,900
gpd/ft. and 0.535 respestively. A previous pump teat oonducted cear this
wvell oo a single 2-imesh ssndpoint well dy amother investigator {ndiceted
that tha coefficiemts of traneuissibilily and stozage for the aquifer
were 17,000 gpd/ft. and 0.229 respestively.

The fact that the cocefficients found by thie test were so much
bigher then those found previocusly has csused the writer to Question
vhether or not the existing vertical well formulas of Theis and Jacod can
be spplied directly to this borisontal well problem. Several camparisocns
vere made betwveen the perforumnce of this horimontal well and e gystes of
five 2-ioeh sapdpoings spaced 20 fec: apezt in & line. The tw aystem
exe teerly egual in lineal extent and are scmevhat comparable as to their
gmeral effest vpon gn equifer while they are deing pumped. The horimon-
tsl wvell hss an edvantage over the sandpoint eyetem in thgt the plumbing
and pipe frietion amn bde kapt to ¢ minimm;} but that sdvantage is opposed
(1) by highgr coets of construction, (3) by extansive aguifer disturdance
during construction, aad (3) by the fact that they ere difficult to clean.

The following conclusicas ere offered:

1. A borisontal well consisting of 77 feet ef standard B-iach

dimmeter parforated casing can be pua‘ﬂnuu.md placed
in an aquifer wbose bottom 1is agprvumimstely 20 feet or less
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7. The horisentsl well is capible of extracting greater
qumtities of wter from a shallow, thin aquifer then a
sandpoint system of approximgtely the emme limssl smtent.

This study has been limited to the construction and development

of one horiscatsl well in a shaliow, thin aquifer and to the analysis

of dats eallected during one pump test. Consequently, the results ob-
tained and the conclusions offered are representative of this one partice
clar sample. To secure a more accurate amalysis of the howisontal well,

several tests on each of several horisontal wells should be conducted.

Na
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APPENDIX A. DERIVATION OF THE NONEQUILIBRIUM FORMULA

The following is the derivation of the nonequilibrium formula as
presented by C. V. Theis in Transactions American Geophysics Union 16:
519-524, August 1935. Thaie eredits €. I. Lubin with the actual mathe~-

matical derivation.

7o the extent that Darcy's law governs the motion of ground
water under natural conditions and under artificial conditions set
wwm.-mxmmummwmwzm
uummmmm“-mu--mmwm-
tem, mumuw»mwnmmumw
condection, hydrsulic pressure being analogous to temperature,
mcpdl.tumw. permeability to thermal
conductivity, and spescific yleld to specific hest. Therefove, the
Munmummmmm»rautcm
subsequent writers is largely applicabie to hydraulic theory. . . .

The equation given by H, §. Carslaw (Intfoduction to the
mathenatical theory of the condustion of heat in solids, 2nd ed.,
p. 152, 1921) for the temperature at aay peint in an infinite plane
with initisl temperature sero at sny time due to an " ingtantaneous
line-source coinciding with the axis of = of strength ¢ (involving
two-dimensional flow of heat) is-

Ve (q/bﬁht)o'(""' v?) /e (1)

MVnMoumm.ulhputu,yuﬂuuun
Qe .uqnocmmncm--umm.mmcu
hu“at‘nutmm:mlyambymowtmw
per unit - volume; k = Eelvin's coefficient of diffusivity, which is

to the coefficient of conductivity divided by the specific
heat per unit-volume; and t : time.

mdlatolamtmmu.molmmtumu
is derived from equation (1) as follows:

Let Q a ¢(e')de;

1 4 2 - I
: g - (" + y") /4 (e-t") >
the v 5 ® f/ [d»(t )/AT k(t-t )] e de' .
o



Lat O(t') = A, & constant; Chen

8
eey * mnm:_/ [."'"!”l”'.'“"')/(:-c')] de',

Lot u 3 (xf +y2)/8k(s-t*); them

- - ’3 (:f' k-t' (.l!-i-!"/ v
- mr'(/si,a;;‘:)][ yra | [aunt |

AL ®
(=2 + y3) Jdice

(o =]

The definite integral, / (e"“/u)du, is a form of the exponentigl

2+ y2) /e
integral, tables of which are svailable (Smithsonian Physical
Tables, 8th rev. ed., table 32, 1933; the values to be used gre
those given for Bi(-x), with the sign changed.) The value of the
integral is given by the series

o0
/«"‘l-)a. s -0.577216 - ;....+..gf-,-; #

of
wquummummm.gu.m
tatively describes the ability of the aquifer to trangmiy '
water. Meinzer's coefficient of permeability denotes
of the material; the coefficient of transmissibility
analogous characteristic of the aquifer as a whole.) The

i
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in vhich tha symbols heve the meanings given with equatioa (5).
In equation (4) the smme units must of course be used throuyghout.
Rquation (4) may be adapted to units commouly used

o0
v 3 114.6 uy' (e7%/y) & (5)
1.87 rie/Tt

vbers v s the drow-dowmn, in fest, at any point in the vieinigy of

s wvell mmpad at-s-wmiforn vate; 7 s the dischaxge of the well,

in gallang g minute; Ts the cvefficiest of tramamticeibility of
equifer, in galloas a day, through sgah 1 foot etrip estending the
height of the aquifer, undar s wait gradient -- that its—the-sversge
coefficient of permendility (Meinser) muitiplied by the thickness
of she aquifer; r s the distamee fwom the puped well to—point—of
obagrvation, in fest; 8 s the specific yield, es a decimal fraction;
aad t » the time the well has basn pisped, in days.

Rguation (3) gives the drswikren st axy point asownd g well
being maped uniformly (end contimmmwly) frea a homngenecus
squifer of constant thicmess end infinite ereal untwnt—st—@ny time.
The imtroduction of the-fumstica, tine, is the wigque end valuable
feature of the epmtion. Bgmatice (S) reduces o Thies's or
Slichter's equatica for ertesisn amditicns when the tims of pumping

‘.m.oo--

Theoretically, the spation applies rigidly only to veter-
bodies (1) which ere cootained in entirely bamogeneous sedimemts,
®) vhich have infinite-szesl-oxtent, (3) 1
tretes the entive thicinass of the wte~body, (4) in vhich the
coefficient of trunmmissibility is cocnstant at all times and in all
pleses, (5) in which the pumped well has en infinitesimal dismeter,
aad (6) applicadle only to unconfined water-bodies -- in which-the
water in the volums of eedimmts—through which tha watsr-table has
fellen is discharged instamtareusly with the fall of the water-
eadle. . . .

A weful corollagy to equation (S) msy be derived from an
analysie of the recovesy of a punped well. 1If g well is punped for
8 Imown period and—than—left G0 vesovar, the residusl drewdiven—at
axy ingtgat will Ye the same es if pumping of thd well-haed-Deen
continuad ¥ut & recharge well vith the seme flow had hees intzuduced
at the seme point at the imstant pumping stopped. The residusl drev-
4own at eny instant will than bs ‘

oo co
v = 114.6 9/T / (e"Y/y)éu - (e u)éu (6)
1.87 3/ Tt 1.87 rig/Te!



vhere t is the time since pumping started and t' is the time sines
pumping stopped.

In and very close to the well the quantity (1.87 r2s/Te")
will be very small as soon as t' cemses to be small, because v is
very small., In many problems ordinarily met in ground-water hy-
draulics, all but the first two terms of the series of equation

(3) may be neglected, so that, if 2 « (1.87 ¥R/ 7T¢) and 2' =

(1.87 v2s/ Tt) equation (6) may be approximately rewritten
v' 'z (114.6 ¥/7T) [-o..m « loge 240,527 +loge 2 (E')]
= (114.6 ¥/ T) log, (%/¢').

Transposing and converting to coumon logaritims, we have
T 2 (@64 2/v') log, Gv) )
This equation permits the computation of the coefficient of trams-

uissibility of sn aquifer from an observation of the rate of ve-
covery of & pumped wall, :



- 2 = ]

s FF*r F.

-

a constant equal to (r,/Q)
saturated thickness of the undisturbed aquifer in feet

ﬁ“molwmbmmnnddlu

depth of water in & puped well in feet

a constant that includes sgquifer permeability
natural logaritim (to the base e)
logarithm to the base 10

saturated thickness of the undisturbed aquifer in feet

saturated thickness in feet of an aguifer at 2 observation
wells when equilibrium conditians exlst during puaping

mum&llqd‘m&hmm”ﬁyn
xohu & unit hydrgulic gradient at @ temperature of
« (gpd/te.
discharge in gsllons per minute (gpm)
discharge in gallons per day (gpd)
distance from punped to obsexvation well in feet

radive of influence of @ pumped well - the distance in feet from
@ pumped well at which no disturbance is noted in the aguifer.

vadive of the pumped well in feet

drawdown in feet as used in ground water formulas & = (y-y2/2m)
for thin agquifers.

mumu-mﬁ-mmua-wt_
of water @ wnit volume of saturated aquifer will yield to
m;odnm.uwh- (expressed as a decimal

mmmmum

mmmwum
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