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THE FLOW OF UNDERGROUND WATER.

WVhile the laws geverning the flow of water threuzh pipes,
channels, rivers, etc. are quite therouzhly Under°tood very little
has been learned or is understood abeut the flew of undersround water,
or water through a porous media. There have been several French and
German investigators of this subject: in this country Preofesscrs F. H.
King and C. S. Slichter and iIr. F. I, Vewell have been *he principal
investigators, the latter with the ultimate view of firding ocut seme-
thing of the structure and capacity of reccks to furnish petrcleum,
Prefessors Slichter and King have werked in cenjunction, Prefesscr
Slichter investigating the subject frem a purely mathematical stand-
peint and Prefessor King experimentally, each uvsing the results of the
cther in his vork.

lovements of under3reund waters may be clacsed urder three
viz,; sravitatioral, thermal and capillary.

Under the head of ~ravritaticnal movement the mest important
is seepage, which term is used to express the movement of water
throush the fine pores of rock cor soil under the influence of 3ravi-
tra b i It inclvdes the flew of water in ecapillary sized ohannels
only. This flew is fewn” fo vary with the temperacture, a lewering

of the barcmeter cauvsing an increase of flow. This variatien of {lew

due to the temoerzture, is explained in this way; that the expansion
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of *he air in the scil above the zone of saturaticn causes a pressure
viiich inercases the hydrostatic pressure due to the difference in

level, The settling of the orcund weuld also cause & considerable

~ravitational flow,

Poiseuille fevnd that water at a temperature of 45 desrees
flowed 2.5 times as fast as water at 5 de3jrees Centizrade, the con-
ditions otherwise being alilke.

Thermal rovements may be classed as those due to the dircet
expansion and contracticn caused by chenges of temperature; and those

vhich are represented by the phencemena of difTusion, csmesis and

selutien,



Capillary mevement takes place away frem pore spaces which
are whelly or partly filled with water and toward these which are
empty or less nearly filled with water than those from which they
move, It may proceed in any direction, Conditiens such as
the pore space an® the distance cause a variation in the capillary
movement, It has been found tha* capillary movenent is so rapid at
four feet that, if the capillary mevement was conbinued throuthout the
year, it weuld prevent any part of ‘he rain in the United States frem
sinting far benrneath the surface. Cecarse material with larye spaces
between has the least capillary flow,

VWhen the centour lines of the greund water surface are »lot-
ted they show tha* this surface cornfcrms larzely to the surface con-
tour of the sreund, shewing hills and valleys similar to the earth’s
surface., This water moves outward from hich places in directions
nearly the same as superficial water dees under like cenditiens. The
water movement would thus be concentrated along the valley lines be-

neath th

iy

surface of the zround,.

In investizating the flew of underzround waters one of the

~reatest difficulties met with is that of determining the space throush
Wl -

which this underjround water flows. I1f the ~ro'nd was all hemozen-

eous we might arrive at scme definite methed, but fissures in the

earth, soils of different sized materials arnd compactness, etc. tend

i i anti Dv'4 iments onducted with
to make this a very variable quantity. Experiments are Co
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recks and scils of knewn, uniferm texture and sands of rearly uniform
orains,

Several methods have been devised for determining the voids
in these different materials. Ore methed is that of dirent measurement
by micrometer and microscepe or other means, Another is that of
counting and weighing a known number of 3Irains and then computiny the
diameter of the mean srain from the number, weight and specific zravity,
The third and most accurate methed is by means of the aspirator.

As soil, sand, rock, ete. have very small spaces left he-
tween thre particles, it was supposed that a law closely related to the
Poiseuillian-teyer law for the flow of Jases and liquids through
capillary tubes,

Kp

——— e g

81T c1l

in which A equals the area of cross section,

c " * coefficient of viscosity,

p L " difference in pressure at ends expressed in
dynes per square centimeter,

1 " ® Jlength,

f L " discharge in cubic centimeters per second,

would be found to held for the flow of liquids through the ground.
The mean veloecity cf flow throuzh capillary tubes is 7iven

by the fermula,
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This last methed, by the use of the aspirator, considers Poiseuille’s
law nf capillarity to apply, and the amount cof voids that must exist
for a measured flow of water or air may be computed. Better results
have been ohtained by the use of air than by the use of lianids.,

It is net enovgh to know the percentaze of volume of empty
space in a ~iven medium in order to determine the flow but also the
extent cf the subdivision and the ferm of the pore. Professor Slich-
ter has derived the follewirg fermila for cemputing the percertaze of

pore space;

vd-Ww
=P

100 Vv 4
in which V equals the vrlume of *the vessel in cu ic centimeters,
é i " specific zravity of the sand,
w % " weizht of sand in grams;
and for computing the effective diameter for 7rains the Tollowing:

d?= L. (8.04%4 - 10)

S p

=
=

in which d ecvals the diameter of grain,

h " " length of aspirater, or sand column,

S " " area ol the aspirator, or sand column,

P : " pressure in cubic certimeters of water at 20 C.,
t i " time in seconds for 5000 cubic certimeters,

(8.9434 - 10) eaquals the lozarithm of a constent,

le also concludes that the mean effective area of the section of the

pore for soherical grzins of the came diameter when they have the
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closest nackine pessible, is about 0.1475 times the savare of the

- 4

radius of the =~rain.

It has heen found to he Yenerally ftrue that well-rounded
srains of nearly uriform diameter terd to ~ive a pore space which lies
between 32 and 40 per cent. Simple sands with antular srairns ~ive

d

a much lar7er pore space than reunr

=d 7rains, It would, however,
seem from experiments that the pore srace increases inversely as the
diameter, and not tec increase in anzularity of the grains. This
would tend te show that the same laws of flow would hold throush a
wider ranze of gcil diameters than could be expected if an increasing
anzularity of the grain occurred with decrease of diameter.

Experiments show that saturated sands and sandstones will
held frem 15 to 38 per cent., of their velume of water, and secils and
clay from 40 to 50 per cent, Five feet of soil can store two feet of
water. Even compact limestones and granite will held measurable
quartities of water,

As would be exvected, it is 2 general rule that the rate of
“low of water threuzh rects iz ~reater along the bedding planes than
aeross hthem. This feet shonld be censidered in putting down wells;
that they sheuld exterd deovn as far as pessible into the water-bearing
strata so that they will present a Treater surface nermal to the
bedding planes for the water to flow throush and not  require it to

nmeve geress the bedding, The increase in depth will also Jive a

greater head. .
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It has been jenerally believed that the velecity of the flow

of a liguid in = =~iver ireots oo e : :
MG 1n & given direction through 2 column of soeil iz propor-

3 a7 Wy 3 ~ . N
tioral to the differenne in nressure at the ends of the column and

inversely prepertiecnal to the length of the column, This law is

cften ecalled 'Marcy’s Law"' and mey bhe expressed by the formula,

P
V 2 k o
h
in which V equals the velocity,
' " " difference in pressure at the ends of the
soil column,
h . " length of the column,
k i a constant determined experimentally, depending

on the size of sril 3rainz, the porosity eof the
soil and the viscosity of the liquid,

This law is zimilar to the Poiseuille law and like it is not true for
high pressure qradients,

The results of Newell’s experiments showed that the flow of
water threu7l sandstone.does net corform to the law of Poiseuille be-
tween the pressure Tradients of 2.3 and 1, and 85 and 1; but increases

aster than the pressure, The flow of water throush sards was also
fourd not to be properticral fte the pressure. The flew o7 air
threouzh sand also innreases faster than the pressure. There is ¢
close asreement with the law buh the disagreement is all in cne di-

rection,

3 : : 1 e " g
Mr. E. Wollny decided frem his experiments that the flow of

+d e



(8)

water throuzh soils did not fellow exactly the capillary law; that the
flew increased more rapidly than the inerease of pressure,

Using the frrmula,

t P pP-
log, LAR: 3
p'pz p'f Pz '
off-
P i ;
in vwhich C ecuals a corstant,
P 5 the pressure in the reserveir at cleose of experivent,
] e d o “
P, " constant presenre at the free end,

t R " time,
as empleyved by lieyer, T"eiffman and cthers, the computed results are too

low as cempared with the actual measured flow for hish oressure

92}

Hr, ¥in7g in scing over Poiseuille’s computations finds that
in twenty-three cut cf twenty-nine ‘ubes used, haviny lengths qreater
than ene millimeter, the flow increased faster than the pressvre. The
experirments o Cohen, Réntgen, Warburz and Sachs all :ivé similar re-
sults; alse that the viscesity decreases faster under high tempera-
tures than i* does under low temperatures.

With ten samples of sand the flow was ten per cent. faster
in seme cases and forty-nine ner cent. <lower in others than a com-
pliance with the Poiseuille-leyer law would call for. This series
of experiments indicated that with the smaller sizes, where the Jrains
7ive a minimum pore having diameters 0.0117 mm, 0.0361 mm, 0.0162 mm

o ¥ 3 £
and 0.181 mm ané under, the pressvres not exceeding a yradient of three

to five, the flow increases faster than the pressure; but where the
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digmeters of the peres are 0.0276 mm, 0.248 mm, 0.0325 mm, 0.0409 mn
and 0.0582 mm the flow does not increase so rapidly as the pressure,
even when the 7radient is no steeper than one to five. This means
that with %the larger spaces intervening so many counter currents are
set up that the flow is retarded. Taking all these matters into con-
sideration it is found that the Poiseuille-Meyer law as relates to the
flew of liquids in capillary tubes is true cenly within narrew limits,
and within still narrower limits fer flew through porous media such as
solls, recks, ete,

One point is brought out empha’’s ...l1ly by all the cbserva-
tions of these different experimenfers; that with either low or high
pressures and with long or shert colvmns or tubes the departure from
the Poiseuillie-Meyer law has besn all in one direction; that is, all
plus or all minus. This 7ees to shew that it was nct errcrs of ob-
servation that caunzed this departure, but that the law is net strictly
true althouch rearly so.

We know that if a vessel of vater is emptied énd set, dewn,
after standing for a hime cuite a quantity of water crllects in the

d net

J-d.

bottom, due to a film of water that stuck to the sides and d
flow se rapidly as thc bulk of the water. On the supposition that
under high pressures this film would move faster, fthis departure might
be explaired,

Preofesscr Slichter’s fermula, deduced frem athenatical
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dz
(1.0094) P--——- c.c. per cecond

q

in which q equals the guantity in ecubic centimeters,

p ig the diffeish e in pre-sure at the ends the cylind
in centirieters of water at 4 dc~reeu C

*)

d ecrals the meéan diameter of soil >rains in sen Limeters,

]

g ) " area of crcss zectien
centimeters,

(o]
e}

the cylinder in souare

h " " height of the column of rand in centineters,
m . a coenstant,

(1.0094) is the legarithm of o factor,
assumes that the flows are propertional to the squares of the diam-
eters, Experiments shew that this formula 3ives very rearly the
chserved flow,

The observed velumes of water delivered to canals from the
surrcunding scil is sco much greater than the cemputed flew, consider-
iny the seil and rock hemozenecus and vsing the data obtained Jrom the
experiments made, that we have te consider that there are undersrcund
chanrels (aleng fissures, etc.). This is borne cut by observaticns
in our mires. The writer has noted in mines that while there seecmed
to be a zeneral seepage frem the recls, yet along faulting planes or
fissures the water ran in streams,

Cne interestiny feature of this problem iz the effect con
well= in a certain area of lowering the water in an adjacent cne. The

actual lowering of the sround water swrface is mere impertant than the

artual interference of r~ne well with znother, This alse a

)

ge}
st
Tty
o)
2
e
o
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sub~1rr1qat10n; that i the upward movement of the ~round water

! . g .
threush the seil towards te earth’s svriace., Two well

0
—

133 feet

!
M

cpart were experimented with and wher water was being pumped out of
crie well the mater in the cther well was lewered., The rate of lowerirg
in the well not beirg pumned, would ceem to he acceunted for by an
actual lowering of the tround water rother than by a chanze of
pres~1're cue Simply to a chanzye ir t e rate of rlovr, frem the fact
that the {lew of the vater was co Jradvial and centinned after the
pumping strpped.

The paszate cof rajlroad trainc near these wells was observed
to decrease the lowerinz; that is, ca-se mere water to flew into beth
wells, which may have been dve to tlhe fact that the jarrinz of the
s0il, which weuls destrey the capillary ecuilibrium, cszused seme of
the capillary water to hecome hydres:tatic, Or the actuval dopression

of the 3round due %o the leadinz and submergance inte the Jround water

surface, cansed it teo rise beyond the area of this subnerszance. The

fuad

fact that a heavy freizht train cavsed a Teater effect than a lish
and meore ranidly meving pazsenger train weuld seem te show that the
latter was the morc probable reason

1+ is impertant to ncte the effect on the capacity of 2
well of sinking it teo different depths into thre water-bearing forma-

f1cv dees not increase preporticnally to the depth but

tien. The
is relatively morc rapid in the shallower wells This is no deubt Awe

te the reason that in the shallewer wells the water rag an opper-
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tunity to rise upward to the well from telow, while in the well which
zoer te the bottem of the fermatien, the water mmust all appreach it in
parallel planes prrvided the structivre of the different layvers is

hemoe zerecus, Care must be talen nct to puncture the impervious
layer at the bottom, else the water may be lesh., Where there are
izyers of different degrees of coarseress penetrated by a well, more
water will enter the well frem the coarser layers, net only because

cf the cearser 3Irains but alse because the reduetion of pressure will

L] ~

be Treater and farther reachirg in the crarser layers and this will
cause the water te flow cut of the firer layers inte the cearser orex.
This choews hew the flow inte a well may be altered hy the pesition cof
its hWeottom: the {lew into a well weuld be increased by ~oing devmn into
2, coarser layer irstead of steppiny in a fine layer and ccmpelling the
from : . \ e
water tc pass,tne coarser layer thrcuzh this {iner layer,
Frofesser Slichter has devcleped the fellewing fermula fer

the capacity of an artesian well whisch comfetely penetrates the water-

hearing strata, viz.;

’
ps21h(ka-Xa- ...
103- (1 = 6_"‘()(') .o.o..oo....)
e r

in which f equals the flew in cubic feet per minute,

h y " amount in feet that the water is lowered by
the pump,

r L t radius of the well in feet,

a , a, ....equal the thickness in fee! of the varicus strita
k " ceonstants depending upen the fransmizrion
capacity of the various strata.

=
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The capacity of a well is not lar3zely influenced by the size cf the
broe except as the flew is contrelled by pipe frictien, There would
bqﬁery 1ittle 7ained in flow by zrinT te the additiconal expense of
putting dewn a six irch well when a feur inch well weuld carry away
211 the water supplied by the scurce,

The flew frem a2 well which dees not ccompletely pass fhreugn
the water-beariny strata is feund te be ziven by a fermula similar to

the above, but containing the additicral term "2.57 kyh r' in which ky

is the transmission constant for the bettem stratun,
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The writer has been carrying on scme experiments to see
what could be learned about £he underzround water here from an investi-
7ation of the water in our wells,

In determining the depth to the surface of the water in
each well, a point was talen cn the curbing or windmill frame and the
distance of the surface of the water below this mark was obtained hy
weans of a circular, wocden float one inch thick and one foot in
diameter, so fastened to a cloth tape that the disc would remain
horizontal when lewered into the well. This was lowered into the
well until the float rested upon the surface of the water, g

he tape

was then 7radvally raised and the difference in tersien ccul

jon
N

1 be
readily noted when the float broke lecse from the surface. A spring
balance attached to the end of the tape shewed a sudden chanze in
tersion when the flecat hrnke loose. This latter method was used to
verify results obtzined without the use of the Soring balénce when
they were in any way doubtful, Takiny the averaze of three or four
readings and by experimentiny with this fleat in a dish, I feund the
error in this methed would net exceed ,02 of a foot,

After these marks had been placed a line of levels and a
stadia survey were run and the nctes pldted, as shevn on map herewith.
Frem this map it weuld appear that the slepe was abhout one foot in
three hundreed feet and to the northeast. This weuid indicate that
the slepe was in the teneral direction of the drairaZe of the valley

and net directly towards the bed of the Santa Cruz. The wells extend
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over an area of two thousand by three theusand feet .

These experiments conducted by the writer sheow that cur
creund water in this immediate vieinity follows very nearly the con-
tour of the greund, as shown hy the'profile curves cn annexed sheet,
These experiments also shew that our ~reund water surface is censider-
ably less than one hundred feet below the surface of the gzround.

It would seem as if this entire drainazje system, drained
by the Santa Cruz on ore side and the Rillito, Pantano Wash and
Cierega on the cther, is a great, slowly-meviny river flowinz fhrouzh
he greund with swifter moviry currents at the lower parts - the river
bettoms, If this is se, 1t would aprear to be better for sanitary
ard econcmiecal reasonz to seek our city vater supply out on the mesa,
zay up the railrecad track,

If this valley is filled with detrital materizl to a depth
of 1500 to 2500 feet, as the 3eolesy of the country werld indicate,
ard we find the 7reund water less than one hundred feet, we would
naturally sunpose frem the nature of this detritus thab the rermainder
of the depth would alse be filled with water. This weuld furnish a
~reat supply of water for lewer levels. If these sediments are heing
sradually comnressed at the ho'hem an” nemerted tegether in places Dy

B

as ie no deubt taring place, the water is Deing

lime, <ilica, etc.,
*radvally ferced away frem thesge parts, The cernncclidatien beingy

1

i i ; R, and 11 meun-
~reatest at the hottom, is fercing the water up—ards and ii ocur meun

tains and rainfall on the mesa de not supply encush te keep the level
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at abeut, the same height, this upward movement will help to do so,

There dees net seem to be any fonndation frem the nature of
the Tround for the statements o residents around here tha' their
wells are fed by special uﬁderérounﬂ streams; tut that 211 cur wells
craw their supply from this same Trourd water.

We would expect that this round water wenld have a Teneral
direction towards our river hottonms. These experiments do net show
this to be a fact; but that the water “as o teneral Iradient towards
the nerthwest, that is towards the cutlet of the Valley. These ex-
periments extended of course over a small area. If they are con-
Tirme? over a larger area, it weuld show that cur rivers are not rivers
flewing urdersround ard carrying water enly frem their sources as iz,

I think, the popular opinion; but tha*t thzy are slizhtly beleow the

curface eof this Tround vater and are receiving corstant additions all
along their cources from it

This is 2 metter of such recent investizatien and ore ‘hat
sresents such difficulties to overcome that 1little success has attendal
the efforts of investizaters as yet. Profezcer Slichter has re-

. aine> thre 1,\ + 3 urr nt b‘f g Ch +he
cently devised a methed, using the elcetric current, by vt
under~round flow can be waiched and measured, As investigatiens

nraneed mew methods arnd apparatus will be discevered and these who

ape interected in the matter will continue until they are succe:
Cya b i al PANY R

e . Y I -
in discoveriny ways by vhich the Aifficulties now existing will be
&+ . P i -- . . it
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overceme and they will he able to measure this flew eof wndertreound

water accurztely encuzh for all practical purpeses,
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