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ABSTRACT

‘Tests were made to study the process of aquifer sweetening (removal of salt
water from an aquifer and into drains by applying fresh irrigation water
to the surface) in a glass walled testing tank .15.71 feet long, 2.5 feet
decp, and 2,5 feet wide, using (1) a 2-part aquifer representing, to 1:40

" scale, a vertical cross section throughiidealized portions of -an irrigated
valley; and (2) a single-part aquifer consisting of fine sand to evaluate .
a derived formula based on the Ghyben-Herzberg princinle. The formula is
‘'used to compute the depth to a saline water-fresh water interface. Test

- results for a 2-part aquifer and also for a single-part aquifer showed that
tile drains, placed near the ground surface will not intercept and dis-

?_:charge fresh irrigation water applied to the surface if all or part of the

. aquifer contains salt water, The 'fresh irrigation water replaces the salt

©.water as the salt water moves into the drains and a stable fresh water-salt

‘wWater interface is eventually formed in the aquifer. Reducing the spacing
. of drains reduces the amount of salt water that will be removed from the ..
-,:-aqu1fer.- Five tests were made using the 2-part aquifer and five tests .

" using the 51ng1e—part aquifer. The aquifers were charged with salt water
having a concentration .of 4,000 to 79,770 ppm, which was colored blue for
‘visual identification. Progress of the tests was recorded in both st111
and ‘timed sequence motion plctures
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'LABORATORY INVESTIGATION OF THE REMOVAL OF
'SALT WATER FROM TWO-PART AND SINGLE-PART
- AQUIFERS USING TILE DRAINS

SUMMARY AND CONCLUSIOhS

‘For the first series of tests a 1:40 scale model of an 1dea11:ed
portion of a valley was constructed and tested to determine the

‘hydraulic action of tile draln(s) placed 8 feet below the ground
- surface.  Two-part. aqu1fer ‘tests were made with an upper aquifer
40 feet thick, composed of fine sand placed -over a lower aquifer:

© 40 feet ‘thick, ~composed of coarse sand .and hav1ng a permeability

about ‘50 times as great as the flnewsand in a testing tank 15.71
feet long and 2.5 feet wide and deep. The lower aquifer (and in”
.some. tests the upper aquifer, also) was, charged with salt water,
colored blue for visual identification. Fresh irrigation water

‘.'was applied, continuously in some tests and intermittentiy in ‘other

. _tests, to the .upper aquifer surface and the drain effluent was

. regularly sampled analyzed, and used to- determine the flow patterns .

- in :the ‘model. The model ‘was operated continuously for days, keeping
~.a continuous supply of fresh irrigation water flowing into the upper
'aqu11er and ‘acontinuous flow of. drainage water from the drain(s).

"fj'Flve tests were made wlth the- ‘model containing-a- two-part aquifer.
- The two-part aquifer was then removed and: replaced with'a 51ng1e--f'

% ‘part aqu1fer made from ‘the - f1ne sand . only. -

. Five 51ng1e-part aqulfer tests were made to check a formula developed_

+ -to-determine ‘the position of the salt. ‘water-fresh water interface for - .
Caan aqulfer umderlylng 1rr1gated lands and drained by horlzontal tile

‘_; £dra1ns.; The:fomula was based on the Ghyben-Herzberg 1 1/,2/,3/5; 4/.5/
-ﬂgprlnc1p1e dlscovered durlng studles ef aqu1fers supplled by ra1nfa11
ﬁnear sea coasts. ' . TR ; :

'q...

o -l/N‘!tﬁb-é-PS-'_..fefe,r'f.' To references listed at the end of the report; '




_ The statements below are corclusions based on- analyses of data
. . from 10 tests .made.in the Bureau of Reclamation Hydraulics - :
R _Laboratory. No previous tests of this kindrafe known and the con-
i clusions must, therefore, be based upon' the present test series.

1. A tile drain(s) placed 8 feet below the top surface of a

two-member aquifer (top. member fine sand 40 feet thick; lower

member coarse material 50 times as permeable and 40 feet thick)

will not intercept and discharge fresh water if the lower aqulfer

contains salt water, The drain discharge will have a maximum -

salt concentration about two-thirds or thrce-fourths of the salt’
concentration of the lower ‘part of the aquifer,

2. An'interface will develop between the saline water (original . e .-
\ aquifer water) and the fresh irrigation replacement water. This
~‘interface will reach a stable configuration which is determined
- by the geometry of the aquifer, the permeabilities of the aquifer R
.materials, the inflow and outflow rates, and the difference in T .
densities between the saline and fresh water. The saline water '
--above the final configuration of the interface will move to the
53§ drain and will be replaced by" fresh water. The saline water
. . ~below the final p051t10n"of the 1nterface remains in semlpermanent _
T _!ﬁ : storage. . sf s

< Decre351ng the drain’ spac1ng will reduce the upper limit of
salt concentration in the:'drain effluent -and will increase the -
amount of saline water left in storage, but it does not appear
‘that a ‘substantial amount’ of salt storage could be realized unless
" the drain' spacing ‘is made comparable to the thickness of the upper R
part of the aquifer, 'Increasing the number of.drains will reduce = .~~~
~ 'the time required to flush the aquifer'free of the salt water that, . - @
“-can be:moved to the drains. - Drain spacings ranging from prototype
equlvalents of about 1 260 fcet to 315 feet have been 1nvest1gated
1n the model. : : : :

" The reduced quantlty of salt water whlch flows to the dratns S T
from ‘the lower aquifer, -as a result of. dccr0351ng the ‘drain - DN
..spacing, is.associated with a corresponding increase in the amount? T
of 'salt water remaining in semipermanent storage in the aquifer.- Fi SRR T
* The Teason that a: port1on of .the original salt water contained in =~ . .~
“the -aquifer remains in storage is that the saline water:has a ’fﬁgﬁ

:-greater dcn51ty than the fresh water and a balanCe of forccs o

:<stagnat10n wlth regard to'motion. - From v1sua1 estimates thefsalt
remalnlng 1n semlpermanentvstorage for a 1 260 foot dra1n spac1ng



was very small for the aquifer assumed in the model, for 630
feet was about one-sixth of the original volume, and for 315-foot
spacing was about one-fourth of the original volume.

5.  The aquifer is flushed substantially free of salt water when
the quantity (volumc)} of fresh water applied to the ground surface..
(irrigation water) becomes ecqual to the volume of salt water
originally prescnt in the aquifer. Based on model test results

and on an estimated time correction factor to account for non-
irrigated areas, the time necessary to flush the .aquifer used in
the tests would be of the order of 25 tor 35 years. The time scale
is one 24-hour model day represents 3.0 prototype years.

6. In two-part aqulfer tests the path followed by fresh irriga- -

" tion water applied on the ground surface, to the tile drain
located ‘in the .upper aqulfer is, in general, vertically downward
‘through the upper aqulfer horlzontally through the more permeable”
‘lower aquifer ‘to .an -area-bencath-and extending out from the drain,.
then vertically upward to the drain. Only slight mixing of the
fresh and salt waters occurs during the flushing process. The

'.“fresh'Water tends to drive the salt.water ahead of it to the drain.'

Data from Tests ‘B through 8 with. 51ng1e-part aqulfers, descrlbed in-
thls report 1nd1cate that:

7. The stable 1nterfacc ‘at the end of a test, betwéen the
" moving fresh water: applled as irripation water-and the stagnant .
'salt ‘water, can be determined very closely by using a formula
- :based on the Chyben-ﬂerzberg principle. 'This principle explaln .
. fwhy ground water flowlng to the sea coast, and fed by precipita-’
“tion, is found to:extend about 40 feet below sea level for each
[1 foot the ground-water table is above sea . 1evel '

8. Along ‘the curved and sloplng 1nterface between the fresh and

saline .waters the’ greater hydrostatic pressure of the saline- watcr
- is counterbalanced by ‘the ‘dynamic forces produclng flow along the =
‘j,glnterface on the fresh: Water side, A similar balance exists 1n_
. coastal arcas where ‘the - :seaward mOV1ng ground waters come -in.con-’
o “tact- Wlth the 'saline ‘ocean water.  This balance. is a vcry dcllcate
. -onc. and is 1nf1uenced by;the ratio of the densities of the salt.:
~and fresh:waters, and by*the rates at which water is supplied to'

the area‘between drains, - There is.only slight deviation between.

"fthe observed and computed 1nterface 1n-the v1c1n1ty of the dra1ns




9, The path of the flow of irrigation water to the tile drain
'is different for every point on the ground surface and is
different for a uniform single-part aqu1fer than for the two-part
aquifer., Close to the drain the flow is vertically downward for
only a short distance, then along a curved path to the drain- _
~Farther from the draln the flow penetrates deeper before turning
‘toward the drain. Thus, the overall flow pattern can be described
"by a flow net which converges on the drain. The surface of the
saline water body curves upward as it approaches the drain and the
'saling water below the interface remains stagnant at a very small
depth directly below the drain,

Conclu51on5 10 and 11 are true for botn 51ngle-part and ‘two=-part aqu1fers
testcd in the model. ‘

%10, The depth to which a stable interface forms below the ground
.~ surface between : dqacent horizontal tile drains depends on the
. ,ﬁ'dlfference in den51ty“Hetwgfn the fresh and salt water and on the
. . /\ height to which the water“table is maintained above the drains.
. The latter value depends on the rate of application of water and
on the perneablllty of the aquifer.

11. After the 1nterface has reached its semistable conflguratlon
slowly acting mechanlsms such as molecular diffusion .and dlsturbances
due to changing 1nf11trat10n rates- contanue the removal of sal*

‘at a greatly reduced rate . B : : 7

. HISTORY
The Wellton-Mohawk arca in Arlzona is located in- thc valley of the
Gila River near the junction of the Gila and-Colorado Rlverb. The
irrigated lands in this area are located in-the river valley which is,
‘on ‘the average, about 4 miles wide and extends for about 40 miles

~ -along, the valley floor, These relatlonshlps are shown on the map
~oof Flgure l o g

gzﬁThe river valley occuples a ‘trench eroded in- part through lacrustine
~~ sediments of ‘an earlier geologic era, and in part passes ‘around and
" ‘through the- boundarlcs of crystalline rocks. The hlgher mesa lands
“'which border the river valley along a part of its southern boundary
‘_,represent ‘the old lake deposits in which the prcsent valley is incised.
These beds are: also present below the alluvial fill which" nowy exists
'j;vbelow ‘the valley floor, The-bottom member of thlS alluvial Fill-
ilcon51sts generally of coarse sands and grave15'ﬂthe upper member is
- generally composed of ‘fine sands and 511ts .'The nature of these
dep051ts is- shown in. Flgurc 2 IEREAE. S N ST




Beginning about 1915, irrigation of valley lands was started using

water obtained from wells. By about 1934, the salinity of the well
water had increased to-detrimental- levels, the water table had sunk
alarmingly, and it was apparent that supnlemental irrigation water

from the Colorado River must be used if irrigation was to continue.
By May 1, 1952, water diverted from the Colorado River at Imperial

" Dam was. belng dellvered and used in the Wellton-Mohawk area. These
- facilities were constructed by the Bureau of Reclamation.

Continued appllcatlon of thc imported waters caused a rise of the
water table, and by about 1959 it was apparent that drainage works
would be necessary for control of the water table. To provide the
required drainage a concrete- lined channcl was constructed traversing
the full length of the valley, and 69 wells with pumps were installed
“to 1lift the dralnage water 'into the drainage channel. The channel
has a maximum capacity of 300..cubic feet per second and discharges
into the Colorado River. The'effluent had a salt content of about _
6,000 parts per million by weight (ppm) when pumping was started .
‘for the purpose of controlling the water table, '

During the winter months the water delivered via the Colorado River :
‘to -Mexico at the northern boundary may be as little as 900 cubic feet
per second. At such times, the salinity of the delivered water may
~rise to about 2,700 ppm, making it undesirable for use as- 1rr1gat:on
water., The people of Mexico have protested sufficiently against
delivery of water having such a high salt dontent that the President
of the United States and the President of Mexico agreed te
_appoint panels to study the possibilities for reducing the salinity
“of the waters being delivered to Mexico. The.lUnited States pancl
‘promptly prepared a report 'outlining certain measures which could be
“taken to reduce the salt content.of the water ‘being delivered. Gne
“suggestion was to install drainage tile or construct open drains at.
relatively shallow.depths to intercept the water being.drained from |
~the land before it became salty. It seems to have been supposcd. that
the :drains would collect’ substantially all .of their flow from
‘percolations .coming from the upper part of ‘the aquifer ‘and leave ‘the B
lower saline waters in.permanent pround—water storage.. Investlgatlons_F
descrlbed 1n thls report show that this. assumptlon is: not conflrmed

[

The dlfflcultles descrlbed here will very llkely occur in other placcs
1 as irrigation develops-:and ‘the need for dralnage arises. Drainage
‘water. can be’ expected to have:a salt content higher than the salt
“content of the’ irrigation supply. In many cases the only way to
dlspose of the sallne dralnage water w111 be to return 1t to the o




" tank. The primary- purpose of the scale was to establish the depth of

river. Those who divert water lower down on the river must then
.contend with the difficulties arising from a higher salt content in
their irrigation supply, which may, for example, force a more
liberal use of water and the provision of more efficient drainage
installations. The studies described in this report were initiated
to provide information on the pattern of salt removal when drains
-are 1nsta11ed in a saline area.

PURPOSE OF TESTS

- Previous studies of the behavior of fresh water-sea water interfaces
.. in coastal areas, and construction of a classic flow net, indicated
~ that the selective type of drainage operation proposed for the Gila
~ Valley might not be realized. -Because of this uncertainty, - it was .
" ‘decided to design, build, and ‘test in the laboratory, a model including
‘the aquifer and ~- dra1nage system, As far as can be determined there
~ are no previous -investigations of this. ‘type and consequently there
~ are no established principles to offer guidance in designing or
~ testing a model. Construction and testing procedures were therefore
. modified as necessary before, during, or after accomp11shment 1n an
- attempt to develop technlques. : '

THE MDDEL

~.-Model Construction

‘The model was constructed to a linear scale of 1:40 in a. glass-walled

~.'the model aquifer in terms of the Gila Valley aquifer and the size = ,
..and location of drains. The scale did not apply to the aquifer part1c1e o
- -sizes or to the time factors used to interpret the test results:in terms ™

of a prototype. These scale factors are discussed later at the t1me
“they are used. The tank containing the aquifer was 2.5 feet wide and

_}_tdeep and had transparent plastic walls on both long sides, Of the
.~-entire length, ‘a portion of 15.71 feet long was isolated and used to C

.represent half the distance between two: lines of drains. - To scale,
‘this would represent a drain spacing of approxlmately 1,260 feet. To
-represent the two-part,Wellton-Mohawk aquifer, two" laboratory prepared
. -:sands were selected" haW1ng, ‘respectively, the permeability of the
--coarse sand ‘in the lower member of the GilaValley-aquifer and the
' permeability ‘of the sand and- silt upper member of the Gila aquifer.
.- The-sands were selected also on the basis that the coarse sand was -
~ 50 :times as permeable as the finer sand, The coarse sand was placed .
. .in the bottom of the tank to a depth of 11 inches, and the fine sand
- was placed over this to an additional depth of-1 fbot, F1gure 3.

"*ﬁBefore placing- the . upper layer an intermediate size sand was 1nsta11éd$fff”w;

jtln a 1-1nch layer to prevent the upper flne:sandifrom worklng down




" into the coarse sand below, As placed, these sands represented
prototype depths of about 40 feet each in a total aquifer depth of
80 feet, and were believed to be an idealized interpretation of the
average conditions existing in the Gila Valley, Figure 2. -

: o F . In-establishing these dimensions, it was considered more important

8 " " ... to idealize the problem and establish flow and drainage principles,

R " . than"to represent precisely the aquifer and flow condition at some
selected ‘spot 1n the Wellton-Mohawk area,

B - In an idealized model using homogeneous aquifers it can be assumed’ 8
BN . 7 . . that there is no flow across vertical planes located midway between -
' drains, or through the centerline of the drain line; therefore, at S
' the midpoint between lines of drains an impermeable bulkhead (a plane o
.. of symmetyy} can be 1ntr0duced to reduce the model length at one :
- --end and a vertical bulkhead through the drain. line could be used to
- terminate the model at the other end without affecting the flow
.patterns shown by the model., The 2-foot-diameter tile drain itself L
.was represented by a Perfbrated copper tube about 5/8 inch in .~ .. . -2
'j-jdlameter, wrapped with a“single layer of fine brass screen to LR
~‘prevent clegging of the holes. A "T".section at midlength of the = = = &N
 -copper tube:was connected to a short length of pipe which was passed . S
- through the .bulkhead. The pipe_ conveyed the drainage flows through R
the bulkhead .to permit sampling, flow measurement, and disposal. .
On the aquifer side of the ‘bulkhead, the . copper drain tube was placed .
“rclosely against the bulkhead and a small quantity of the intermediate
.. size sand (larger particles than the’ aquifer sand} was placed around .
- “the pipe and against the bulkhead to effectively:’ locate the exact e .
. point of dra1nage at the face of. the bulkhead - o Sl .

'?Prlor to placlng the aquifers, plezometer taps had been 1nsta11ed on
:the centerline of the floor of the:itank at eazh end, in the middle, S
¢ and .between the middle and each end, Figure 3. Flexible plastic tubes = = -
- attached to these taps were connected to five glass manometer'tubes'v n
: - mounted vertically on the middle ﬁupportlng post of the tank, These .. = '
 .manometers are visible in all the’ ‘photographs, A scale behlnd the
. tubes permltted reading of the pressures on .the bottom of the tank. =~ -

' Directly above each of the piezometer taps an observation well was ke ;\'
,?3751nsta11ed cons'stlng of a skort, open-end glass tube extendlng down -

. into the .upper aquifer, Figure 3. The position of the water table
‘during .a test could be read by a point ‘gage: mounted on a traVellng
=*¢carr1age and” lowered 1nto the tube from above. '

A

A 15 1nch layer of coarse sand was placed on ‘op of the upper partcaf R
~the aqulfer to d1strlbute unlformly the water applied to the aquifer .
-during ‘a test, and to prevent. displacement of the fine sand, A -
“valved plpe-dlstrlbutlon-system was ‘also installed along the . center- -
~~“:1ine ‘'of ‘the bottom-of the flume to . ‘introduce ‘salt water 1nto the tankj._f
$oat approxzmately ‘the. one-thzrd po1nts £, the. model 5 -




" Model Operation

Tests 1 through 5 were made using the two-part aquifer descrlbed as
an. idealized representation of the Gila Valley. Tests 6 through 8-3
were made using a single-part aquifer made from the fine sand used
in the upper member of the two-part aqui fer tests.

In order to ver1fy the behaV1or of the saline water origlnally present
in the lower member after initiation of drainage, the saline water
was introduced only into the lower member for the early tests, To
facilitate visual observations of the salt water movements in the
lower aqu1fer the salt water was dyed blue. Sodium chloride (NaCl)
was the salt added to provide the proper density; potassium chloride -
(KC1) was added in the early tests to provide a tracer and for a '
‘secondary analysis to check the sodium chloride content of the drain
- samples, The sodium chloride concentration could be determined
.accurately by the flame photometer and therefore the potassium -

. chloride tracer was not used in later tests, The mixture varied

. from test to test but the salt water contained approximately, by

71-we1ght,

' Tests 1 to 5 | Approximately 250 ppm patent blue dye
_ . .+ 6,200 to 7,050 ppm sodium ¢hloride
a{_Approxlmately 100 .ppm potassium chloride

- Approximately 250 ppm. patent blue dye -
Approxlmately 4,000 ppm sodium chloride

.”No potass1um chlor1de : S

tApproxlmately 250 ppm patent blue dye

: Approxlmately 79,800 ppm sodium chloride

~ No: pota551um chlorlde

. 'Tést 8-1"' :”Approxlmately 250 PP, patent'blue dye _
e 8=2 Approximately 75,200 ppm sodlum chloride. -
8-3- . No potassium chlorlde

H'The salts and dye in granular form were added .to water in a 50-gallon )
drum and thoroughly mixed using a pneumatic propeller mixer, : The '

o . mixture :from the -drum was fed into the valved distribution system ‘at

©. .the bottom.of the. testing tank and.allowed to slowly rise to. d1sp1ace'fﬁ
the. air in: the ‘lower aquifer interstices-and the film of moisture
‘covering-each sand partlcle.r;Several days were: requ1red to raise the

'7'ﬁ,1eve1 of ‘the ‘blue ‘salt wateér tc near the top of the lower aquifer,

“To prevent caplllary action from pulling.salt water up ‘into the
‘upper aqu1fer .the :inflow.of .blue salt .water wes stopped before it L
jreached the separatlng sand layer used 1n the two-part aqu:fer tests;if




Fresh water (Denver tapwater) was then added to the surface of the
upper aquifer and allowed to permeate the upper sand. The lower salt
‘waterflow was then restarted, the process being repeated until ths
lower aquifer was full of blue salt water and the upper aquifer
‘was full of fresh water up to the level of the drain, 0.2 foot below
‘the surface. Figure 4 shows the bottom aquifer: almost full of o
~ blue salt water and the upper aquifer partially wetted with fresh
water.

In the first test, water representing the irrigation water applied
to crops, was applied to the surface of the upper aquifer by means
-of an ordinary garden sprinkling can. Three pallons of Denver tap-

‘water were applied in less than a minute at l-hour intervals. The
water was uniformly distributed over the entire surface of the model;

.- the quantity was sufficient to raise the water table about 0.1 foot _
[model dimension) above the level of the drain.. The water ‘table level -
was closely controlled and was never allowed to reach the top of the '

per sand. : :

' In Tests 2 through 7 a perforated garden soaker hose was used to
apply a uniform and continuous supply of irrigation water at the
rate of 3 gallons per hour. The soaker replaced the sprinkling can _
.~ ‘method of application. The hose was laid on the longitudinal centerline -
of the model on the coarse sand covering prev1ously described; the

- -water issued from pinholes uniformly spaced along the under51de.
.The coarse sand distributed the water laterally.: &

' For Tests_Bdl, 8-2, and 8-3 the garden soaker hose was replaced with -
.an automatically timed toilet flush tank which discharged into two
- perforated stainless steel troughs spaced to distribute the water
uniformly over the aquifer surface. The tank float was positioned so -
. 'the tank capacity was approximately 3 gallons, ~With this adjustable-
_ japplzcatlon arrangement water was applied at three rates: 3 gallons
~-each 2-hour interval, Test 8-1; 3 gallons. each l-hour interval, Test 8-2'
'-and 3 gallons each 1/2 hour interval, Test 8-3
'nWThe f1ne sand. aqulfer was left bare of the coarse sand ‘cover for about N
R N 1nches ‘across ‘the width of the tank at the.drain ends of the model - ‘
. to insure: that -ne free water was ever present in thls zone.

:gl>fMeasurements were systematlcally made of the 1eve15 in the observa-
~-tion wells throughout the ‘period of the test. Samples of the drain . )
"effluent were ‘taken at scheduled times for chemical and colorimetric = ."
.analysis ‘to determine:the .concentration (salt content) of the drain
+, effluent,  The salinity: .values were determined by flame photometer
‘measurenents ‘in the Bureau's:Chemical Englneerzng Laboratory. _ -_.g”;.
Measurements of the rate offflow from‘the dra1n weTe made at regular”;i-




intervals, and photOgraphs on 35-mm. color-film and 4- by 5-inch black
~ and white film were taken at frequent intervals, A 16-mm timed-
sequence motion picture film was also made; individual frames were .
 taken ‘at 1l-, 3~-, or 6-m1nute intervals, day and- n1ght throughout the -
: test . :

‘In later tests another draln assembly was placed at the other bulk-

head to represent a field problem with a drain spacing of 630 feet; a

"third drain was placed at the center of the test tank to represent

‘a drain spacing of 315 feet. Modifications were made to the model

and testing protedures'as testing progressed., Variations are discussed

as they occur ‘in each test, but, in general, the procedures were as .
. described. ' : : N :

" THE INVESTIGATION

ifResults of Tests 1 and 2

. Test’ 1.--Almost 1mmed1ate1y after the f1rst appllcat1on of 3
. gallons of water to the top aquifer, the saline (blue) water
" began to flow through the fine sand layer toward and out of the
drain, Figure 5. 'After a few hours a wedge of- blue water,- haV1ng
_.a triangular shape with the hypotenuse at an angle of about 45°
. to the horizontal, had formed near the drain in the. upper aqu1fer.
© . ‘After 11 hours the hypotenuse began .to show a convex shape, - This.
- configuration was maintained until sufficient water had been. added
- -to the upper ‘aquifer (50 hours) ‘to make visible 'the ‘flushing out
. of the lower aquifer with®fresh water, Figure 6. .As the testing
‘proceeded, the biue water was confmed to a narrow wedge in the .
~ lower sand and a very RarTOwW: band in the upper sand, After 4 days
- .of operation most of the blue saline water had been flushed out -
~: ".of the .lower aquifer- except ‘close to and below the drain where the )
. 'height of the blue water wedge in the lower sand always occupied the * ' .
- ~full-depth of the lower sand. The face of this wedge was concave o
' ,upwards.- Two more days of operatlon fa11ed to- d1551pate the wedge..;‘ﬂ*”:

p §F1gure 7-is a. record of Test 1 operatlons and results plotted aga1nst \*3
.. the days-of :the: month? (which indicate the. duration of the testing), o
" -The:water. application curve . (which is also the water discharge curve)..\
_indicates that water was added during the regular worklng hours - on :
" the .19th, '20th, -and 21st of March. 1963; no water was ‘added during
. the 16 off" hOurs.~ Starting on. the afternoon of March 21, water was
‘added ‘day and'night;.every hour 3. gallons: of water.were. spr1nk1ed
‘over. the surface._ The . drain/effluent ‘(sodium. chlorzde) concentrat1on :
curve ‘rose: ‘rapidly. for; the first 2 days of ‘the testing, declined at-’
a Tather rapld rate for ‘about '3 days, ‘then . gradually, approached a
freah water condxtxon" although 8- fully . fresh .condition:was. not'
: The pot3551um chloride eurve




indicates a similar action. Figure 8 shows water surface profiles
as determined from water surface observations made in the wells

.. during one water cycle application, about 1 hour. The scale sketch_
at the bottom of the figure shows the stations at which wells were
located, the drain.location, and the relative height of the water
level change in terms of the total depth of aqu1fers.

‘The upper curves in the figure show the water surface plotted

to an exaggerated vertical scale, The top curve labeled "zero

minutes" indicates the water table surface, beneath the surface
- of the upper aquifer, immediately after application of 3 gallons

of water over the upper aquifer surface, : The next curve below
‘was taken 15 minutes later, the next 30 minutes later, the next

45 minutes, and the bottom curve 60 minutes later, At this time
the cycle was repeated and more measurements were taken.,

The convex upward curve of the water surface found in all prof11e
measurements, Figure 8, was a reality and:was not the result of
poor measurement techniques. The rise in water surface indicated
~ between the plane of symmetry bulkhead and the high point in the '
‘water- surfhce was about 1/8 inch in the model, '

' The results of Test ‘1 1nd1cate that a 51ng1e drain placed 8. feet
below the surface of the upper aquifer will not 1ntercept only
fresh water applled to the upper aqulfer -surface. This is true
even when there is a sufficient quantity -of fresh water to raise

~ the average water table level above the level of the drain.
Instead, the fresh water tends to follow a path of least resistance

-to the" drain. by working its way into the lower aquifer, where flow .

" resistance is. considerably less; and displacing salt water up

_.~through the upper aquifer to the drain. The drain effluent is.
" -thereby contaminated with salt water. Analysis of the drain
_';ﬂveffluent indicates that the.salt concentration rose as high as
4,500 .ppm, and for a per1od of over 2 test days (model t1me) stayed
;'above 500 ppm.-- . _ _

S

”"j:Test 2 --Test 2 .was a rerun of Test 1, except that the method of
. -applying irrigation water was changed. - In this test, water was .
- applied to .the upper aqulfer continuously at'a un1form rate (2. 93}'
.. gallons per hour) “through -2 perforated garden hose laid along the
_‘centerline on:the top of the model, Figure 9 shows the drain SR
‘fveffluent dtscharge rate in gallons per hour plotted against model R
":time lin days, Although the rate of water application should have - "
“been .constant,. the variations: 1nd1cated are the result of needle-.
-valve=control clogglng, line pressure ‘variation, etc. The large -
:sudden "increase at noon on April '8 was .caused by opening the: needle - . -
o clear the clogglng prlor to: resettlng of the de51red quantlty.uya




A study of these two curves indicates that there is, in general,
an increase in salt concentration when there is an increase in
fresh water discharge, and that the effect is apparent almost
1mmedlate1y.

S - Salt concentration in the draln effluent was practically the same
EE—. ~as for Test 1 and the overall tést results were practically identical. B
For a direct comparison of Tests 1 and 2 the salt concentration =~ -~ -¥E=g

. Eon curve for Test 1 has been replotted in Figure 10, after making ,
' time adjustments to compensate for the di fferences in the method _
of application of the fresh water. The slight dlsplacement of . &

the curves of Tests 1 and 2 is not significant in drawlng general
conclusions from these" tests

Near the end of the second test, crystals of potassium permanganate
were used to indicate flow direction in various parts of the model,
The crystals were placed against the glass wall of the tank by
inserting a glass tube through the sand until the bottom was at
V  the desired elevation, dropping the crystals down the tube and
. pushing them out the bottom with a rod, -and then withdrawing the -
‘tube so that.the sand closed in around the hole. Flow past the
crystals left1color trails which, if inspected and traced at
.regular 1nterVals, indicated flow direction and velocity. Crystals
introduced w11h1n the boundary of the blue wedge below .the drain
indicated tha1 the flow direction was toward the drain. Elscwhere,
the dye streaks indicated the flow. direction to be downward through .
the upper sand to the lower sand, horizontally through the lower
. sand, and upward to the drain. Such a flow path represents
-‘essentlally Lhe flow.path.of least resistance. Figure 11 shows.
" three vertical! ‘dye: traces, one in each of the three upstream panels,
“and two dye traces in ‘the downstream panel’ approaching the drain
‘in the upper part of the .aquifer. The third dye trace in the
downstream panel shows flow downward through the upper part into
the lower part even- though the starting point .for this flow trace .
was ‘just a fract1on of an inch upstream from the end of the blue;
wedge.“ P o :

'_';Tlme Correl atlon fi

*_rAlthough thc 11near scale of the model is 1:40 the time scale is not
‘the same-nor is it based on a -Froudian or other model relationship,
.Correlatlon of- modcl and prototype times must be made on the basis

of. comparatlve volumes, ‘The prototype aquifer, 80 feet deep, with a- R

~'40 percent total!porosity would contain (80) (0.4) = 32 feet of water, .

-+ Deep. percolatlon of 3 feet per year would replace the original water
- . content.in a perlod of 32/3 = 10-2/3 or, say, 11 years, The model =~ ' .
‘i*1s_app:o;;mate1yl16 feet long, 2. 5 feet wlde, and 2. feet deep, maklngg_:




the volume (16)(2.5)(2) = 80 cubic fect. With a total porosity of _
40 percent the water content would be (80)(0.4) = 32 cubic feet,
inflow of 3 gallons per hour for an 8-hour period would supply ﬂilﬁél.- 3

‘cubic feet using the approximation that there are 8 gallons in a cublc
foot (actually 7.4805 gallons per cubic foot). On this basis, the time
required to .replace the original water content in the model would be
~ 32/3 = 10-2/3 = 11 (approximately) periods of & hours each, A
.comparison of these values will indicate that about 8 hours of modcl
time represents a year of prototype time. It should be noted, however,
that this comparison is for a completely irrigated area. . Since the
entire Wellton-Mohawk Valley is not irrigated, the water replacement
‘process in the Gila area may be ‘expected to take somewhat longer than
indicated by the above calculations, It may be reasonable to increase
- the time by 50 percent (or more) to obtain a realistic prototype time
. estimate. Thus the 8 days of testing indicated in each of Tests 1 and
2 would probably represent 25 to 35 years of prototype time. However,
. in-the model, the salt was substantially removed in 4 days which could
';,represent perhaps,aS'short a time as 12 years in ‘the prototype.

Results of Test 3

~-For Test: 3 a drain was installed at the bulkheads at each end of the
"~ tank and another .was ‘installed at the midpoint. With three drains-
‘the model extended throughout two adJacent drain spaC1ngs. With

' - reference to the prototype the drain spacing would be:about 315

‘ feet. Test 3 was run with a continuous and uniform water supply

e"{at a rate of about 13 gallons ‘per:hour applied through the perforated
. -hose. "The initial depth of blue salt water 1ntroduced into the '

.'Qlower aqulfer was ] foot.

After the fresh water flow was initiated the sallnlty ‘of the.
r‘effluent from Drains ‘A and C, located on the bulkheads, quickly -
- "rose to a peak of about 3, 125-and 3,000 ppm, respectlvely, ‘as - shown
" on Figure 12.and.then-declined. The concentration,of the saline -

";{rsolutlon in. the lower part of the aqulfer was . G 200 -ppm- at the
3;beg1nn1ng of Test 3. .

WThe average dlscharge from Draln A was 3.42 gallons per’ hour, from
.Drain C, 2,87 gallons per hour. The average discharge from Drain B’
_(mlddle] was ‘6,74 gallons per hour. The middle drain could draw »
CoWater: from both horizontal directions, which: accounts for its larger .
~discharge. ‘The effluent from Drain B reached a'maximum salt -

“ﬂ;;concentratlon of 2,660 ppm. . Figure 13 shows. water table- proflles “ R
“of Test .3 for: times and dates’ asc1nd1cated The variations in profile - i

-shape ‘are minor and indicate the probable. range of .profile differences -
"throughout_the_testlng perlod Flgure 14 shows the blue salt Hater o




starting to approach the center drain after only 1 hour and 5 mlnutes
of the test, Figure 15 shows the blue wedges at the drains and a
well developed flow pattern 50 minutes later. Figure 16 shows the
reduction in color in the wedges and the beginning of the sharp
interface in the lower aquifer, indicating complete dlsplacement of

. . the movable salt water and an approach to equilibrium in the water

. _profiles.  The hypotenuse of the wedge seems to have a ‘darker line -

“than the interior of the wedge. This is because there is almost
Anegllgrble flow along the hypotenuse and the dye (salt) near thlS
line is the last to be flushed out,

-~ At the completlon of the test (after almost 4 days) a sharp and -
~ stable interface was present in the lower gravel layer, Figure 17.

.. The blue salt solution remaining below the interface occupied about.
 half of the volume of the gravel Jayer, or. one-fourth the volume
.of the entire model, At thlS tlme the effluent st111 contalned over

100 ppm of salt. ,

_This test 1nd1cated that a closer spacing of dralhs does ‘reduce the
. .salt concentration of the drain effluent, but a very close spacing
'“Hwould be requlred to produce a salt-free efflupnt in a short time,

EtifResults of Test. 4

. : . : - B . : i
- The three drains described in Test 3 were also_operated in Test 4.
~In this test, however, the salt water level was brought to the upper.
% surface of the upper aquifer and’ before the start of the test occupled
..the ent1re volume of ‘the tank- o . e R
.The 1n1t1a1 concentratlen of salt -used in thls test was 7, 050 ppm, o Rt
by welght. The fresh water ‘application rate was approx;mately 3 gallons <
. per. hour, applled uniformly and continuously through the perforated T
- hose. By comparing the results obtained from this test with those .-
~ obtained from Test -3, it was hoped to get some indication of the
"effect of different initial concentrations of salt. solutlon and of -
,dlfferent 1rrlgat10n water appllcatlon rates.- __.' y c T

,‘&As expected 1mmedrate1y after the start of Test 4 (on May 10),.; o

“~‘a salt concentration of 7,050 ppm appeared in the drain effluent,
~As the test: progressed it was evidentthat operatlon was erratic
“'since the. right-hand ‘end of ‘the model .(as shown in photographs taken)
.was cleared of blue- salt water long. before the left side was cleared..
“The reason for this, determlned after the conclusion of the :test,
“was that 1nadvertent1y, (1) the hose was" dellverlng more than half :
".of ‘the :water :to ‘the ‘right side of ‘the model, ‘and '(2) the.drains were IR R At
- at sllghtly dlfferentlelevatlons. ‘Figure 13 shows.the ‘erratic - 0.0

: : b ter_from the upper part_of theﬁaqulfer




and the beginning of the formatlon of a visible flow pattern at the
middle ''B" drain and right "C" drain, May 12, 1963. By May 20, 1963,
a well established pattern for Dra1n A was apparent, and the C drain
pattern was no longer visible. By May 28, 1963, the A’ ‘and B drain
flow patterns were beginning to disappear and the position of the

salt water in the lower aqulfer was sharply defined, Figure 19, .
Testing was then discontinued. The dark lines approachlng the drains

are, again, lines of least flow.and are thé last to be flushed clear.

Figure 20 shows the salt concentration in the effluent from the

- three drains plotted against medel time. This test disclosed that
the drainage pattern is sensitive to slight variations of drain
elevatlons, 1nflow and aqu1fer conditions."

Results of Test 5

The middle drain (see Test 4) was plugged for Test 5 leaving the _
two end drains operative. This arrangement of the model represents
-a prototype spacing between drains of 630 feet. The entire.depth
iof both aquifers was saturated w1th blue salt water as in Test 4,

- but with a salt concentration of.6,830 ppm. The fresh waterflow

rate was maintained at 3.32 gph, Test 5 was started at 8:30 a.m.,

= “June 11, 1963. Irrigation water was added to the surface, and the

“blue salt water began discharging from Drains A and C W1th a

- concentration of 6,728 and 6,845 ppm, respectlvely. ‘Average discharge a

- throughout the test measured from the two drains was 1.87 'gph for -
Drain A and 1.45 gph for Drain €. The difference in discharge from
‘the 'two ‘drains-was due to the’ nonuniformity of water coming from the
garden soaker giving a slightly higher distribution of water toward

- ‘Drain.A than toward Drain C., This nonuniformity of inflow and outfloﬁ7 RO

- “from the model caused a slight nonuniform evacuation of saline -
'solution and -formation of the stable interface. Figure 21 is a graph °
‘of ‘the effluent salinity concentration from 'Drains ‘A.and C in parts.

_per million. The graph’ also gives a mass diagram of discharge in

a'i_gallons from_Drains A-and C.  Salt concentration 1n Drain A reduced
to 1/10 of :the original concentration at 8:30 a.m. on June 14, 1963,

" after three model days of operation. Discharge from Drain C reduced k

ito '1/10 the- or1g1na1 ‘concentration after ‘five model: days of" operatlon

at ‘8:30 a.m.-on June. 16 1963, This time 1nterva1 represented

1f!frespect1ve1y, :13.5 and 22 5: prototype years.‘ Photographs in Flgure 22
*-show ‘the ‘model-on June 14 and June 16, Flgure 23 shows the- pos1t10n

‘ff;of the interface on July :1, 1963, -just before the test was stopped,-
20 days ‘and’ 2 -hours (approxlmately 90. prototype years) after the

'Qbeglnnlng of the test,’ 'The -concentration’ of .the effluents just before L

;ﬁthe test was stopped were 56 ppm ‘and . 136 ppm for Dralns ‘A and C
"respectlvely, as shown in: Flguref21 L




TESTS WITH SINGLE-PART UNIFORM AQUIFERS

Results of Test 6

. At the conclusion of Test 5, the two-part aquifer was removed and the
tank was refilled to a depth of 2 feet to obtain a single-part
V,aqu1fer consisting of fine sand, the same type of sand previously
used -in the upper part of the aqulfer. A l-inch layer of coarse
- sand was again placed on the fine sand surface to help distribute
_the applied irrigation water and _prevent erosion of the fine sand
: aquifer.

‘over each pipe inlet to form a reverse filter between the pipe inlets
- and the fine sand aquifer. Two horizontal drains were placed 0.2 foot
below the sand surface (B feet prototype) and covered with fine brass
" screen. The drains were surrounded with medium sand to form a
reverse filter to prevent clogging. The distance between the

'_,dra1ns was 15.71 feet simulating a prototype distance of about’ 630

_feet. On August 5, 1963, salt water dyed blue and having a concentratlon :

- of approximately 4 000 ppm was introduced into the model. Because

“the results of prev:ous tests had showed that the changes in concentration -
_”of sodium chloride 1n the effluent paralleled very closely the changes.
‘in the concentration of the potassium chloride tracer, no pota551um :

' 'ﬁn'ehlorlde tracer was used for Tests 6, 7, and 8.

. fSpeclflc grav1ty of the dyed salt water was 1.0034 at 70.5° Fand for
- - Denver tapwater 1. 0002 at 69° F, measured with -precision hydrometers
"~ checked for accuracy by the Natlonal Bureau of Standards. = Ten 55-gallon:

* % barrels full of dyed salt water were requlred to completely fill

" the aquifer with salt water, The salt water moved from the inflow

= ?;ﬂplpes slowly through'the fine sand of the upper aquifer. . Difficulty

. was encountered in filling areas far from the inlet pipes because of o
_ the greater resistance to the inflow.. .To allow the salt water to rise .
“un..formly across the entire fine sand aquifer would take a very long

. time; ‘therefore, the filling operation was forced. This was done. by

3bdraw1ng salt water off the: aqulfer surface between the inlet pipes,

! [,and ponding the blue salt water d1rect1y above the inlet pipes until

Cl?lt had completely saturated the areas farthest from the 1nflow pzpes.;‘

:if Test 6 ‘was :started at 10: OS a.m., August 12 1963 us1ng a new garden‘_‘l'y
“soaker. Because of pressure changes in the water supply . line and. the

.. accumulation of forelgn particles in the soaker hose pinlioles, the

%ﬂ;appl1cat1on rate . changed slightly during.the test. At the beglnnzng'."'
‘~of the test a uniform" flow rate of approximately: 2,36 gph was applied

“;:to the. Surface. ‘The -average: .discharge during the entire test was

- 1.29 gph from Drain A, left, and 1,14 gph from Drain:C, right, giving
total_of 2. 43 gph._ F1gure 24 is a. graph show1ng the d1scharge and




~concentration of the effluent from Drains A and C. The concentration
in Drain A was reduced from the original concentration (4,000 npm)

to approximately 400 ppm (one-tenth of the original concentration)
~in 7-1/2°days. Drain C had one-tenth of the original concentration
after operating 8-1/2 days, quure 24,

‘Ten wells 1nstead of five were used to measure the elevation of the
. ‘ground-water table in the model to give a closer spacing of points
and a better graph of the curved water table as measured with a
: movable‘p01nt gage, The positions of the installed wells were as

follows: s S :

. _ :Distance in feet measured from
Well No, left end of model

0.87
1.50
. 3.00
5,00
' 7.500 .
8,20
10.50
13.00
14,00
15,20

1
o3
a
.5
6

7
.8
g9
10

-

.'.Flgure 25 shows the 1nterface on August 20 and 21, 1963, when the -
‘"”effluent reached a concentration of one=-tenth the orlglnal salt

= concentratlon in Dralns A and C, respectlvely

5*T1med sequence photographs were aga1n taken with a 16-mm motlen

- picture camera. . Single frames .were exposed at ‘6-minute intervals

.:“,and ‘a'motion picture of the entire operation’ of Test 6 (13 days)

7 can be projected normally . and v1ewed on a- screen in a per1od of

”-d-"approxlmately 5. mlnutes

_ At the conc1u51on of Test 6 the 1nterface had moved dOanard S0 far
© that it was below the bottom of - ‘the 'sand in the model.  The only

“ salt water remaining was contalned 1n the small wedges under each
‘jof Drains A -and C, Flgure 26, _

-EwJ:Ghyben-Herzberg Relatlonshlp

:ﬁ:7More than 60 years ‘ago, W Baydon Ghyben_f .and A Herzberg_f worklng

”wilndependently along the-European coist, discovered that salt water

[:oecurred underground ‘not-at sea -level but rather at a depth below
“-sea-level of about 40 times the: height .of the water table above S
:sea level, Dynamlc equ111br1uM'ex15t1ng between the sea water and




the fresh water supplied by precipitation influences the distribution
of the saline and fresh water. Analytical studies3/,4/,5/ have
disclosed the reason for this relationship. The equation derived
“to explain the phenomenon is referred to as the Ghyben-Herzberg
relation shown below: -
P,
T
h =— h
s Py Py T

where.

hg is the depth to salt water below the sea level (depth to.
fresh water-saline water interface)

h  is height of the water table above sea level

‘Pp is the $pecific gravity of the fresh water, and

pg is the specific gravity of sea water

- If P =1.025 ‘em/em - = 1,00 g/em® then hg = 40 h,.
* "When the Ghybeanérzberg-relationship is applied to the case of drain-
~ age by tile drains, saline aquifer water replaces -the sea water, B
: irrigation replaces rainfall.infiltration, and the tile drain replaces. -
. .= the coastline. .-The depth that the saline water-fresh water interface
" will -reach and become stable is determined by the spacing bctween
drains, the infiltration rate,: the permeability of the aquifer, and
- ‘the difference in.density between the saline.aquifer water and the
© -fresh irrigation water, The -saline water below the interface is
stagnant and the fresh water above the interface moves toward the .
deain, 0 0 ‘ S - o ‘ '

+

" Two relationships can be as follows: (1) which expresses the flow
.- of'water toward Q%horizontal agricultural drain in terms of
@infiltratioﬂ‘rg;e'of irrigation water, and (2) which expresses, R
.ithe*flow‘towardﬁg drain ‘in terms of the permeability of the aquifer- '~
.'and the gradient 'of the watertable. = R ' ' SR

; ::Eqdating?theéq‘twofreiapidﬁshiﬁs and intégraﬁing the.resu1ts.giveé";ﬂig
_i;;”thg'followipg fq;mula'hith.Whichathe.depth.ofﬁthe interface below:

£

G
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at

A7 “in which

R h is-height of water table above the drain
i is the infiltration rate of irrigation water
L is the distance between drains

m_is the ratio

K is the permeability of the aquifer o
. . X is the distance from one Jlrain toward another drain at the
6. ~ section where'h is measured :

-, "'The development of the above formula by R. E. Glover is given in.

. : - a . memorandum to the Chief Research Scientist and Chief Development B

Englneer, dated November 26, 1963, a copy of which is included in . = - NS
_ the appendlx to this report. The formula was applled to Test 6 and. o
“ computatlons indicated the interface would occur 80.2 feet below

~  the drains in the model., The small wedges of dyed salt water.

.~ remaining under each drain at-the end of Test 6, Figure 26, verify
.- . - the computation to the extent that the Jnterface ‘did occur far -
s below the bottom of the model floor.. i

Tests 7 and 8 were then conducted to- check the formula and to -
determine if the- Ghyben-Herzbcrg principle couldybe applied to an
_ ‘aquifer drained by agricultural tile drains placed near the ground
= .surface. A high concentration of salt was used to make a large
_difference in specific gravity between the saline water and the
_ v fresh irrigation water, and thereby cause the stable 1nterface to -
i fbrm at a, hlgher elevatlon above ‘the’ floor of the model

i
&)

Results of Test 7 - . "-l A T S

LR .

S ‘At the conc1u51on of Test 6 the f1ne sand 51ng1e—part aqulfer was
o ;f~ charged with salt water having an average concentration of 79,770 ppm. .
T ‘The salt water was .again dyed blue with 250 .ppm of patent blue dye,
* No potassium chloride tracer was used:in ‘Test 7. To reduce the- depth
of the saline water-fresh water interface, three :drains were used |
 giving a spacing of 7,86 fect between drains, 51mu1at1ngfa drain
. ‘'spacing in the f1e1d of 315 feet. .. . . /V : 3
,Blue salx water was 1ntroduced 1nto the model beglnnlng at 12:20 p.m,
“.on September 4, 1963 ‘and on September 27, 1963, afte: 13 barrels -
-(55 ‘gallons per barrel) of dyed salt watcr ‘had beeniused ‘the -sand o
'*, - aquifer was'completely (as-seen .through the observaflon panels) filled & .
~.with saline water.: The- perforated ‘garden soaker. was again-used to - .
add fresh water to. the’ sand surface at a. unlform rate.- ‘The'-test was -~ -




started at 10:00 a,m. on October 2, 1963. The average total discharge'
from the three drains was 2.76 gph divided as follows: 0.53 gph from -
-Drain A, 1.67 gph from Drain B, and 0.56 gph from Drain C,

~The high concentration of salt caused the dyed water to have-.a light
greenish-blue color in the sand aquifer. As more fresh water became

- mixed with the highly concentrated salt water, the solution became

- darker and more blue in color, When this color washed out of the model,
the sand cleared to its natural white color. The photograph in Flgure_27A
shows the dark blue color as the upper dark area on the black and

white photograph and the lighter greenish-blue color in the lower

part of the aquifer. Figure 27B shows the dark blue band at the
interface, with the lighter greenish-bluec color below the interface.
Sand, washed clear of dyed salt water may be seen above the interface.

' U51ng the formula descrlbed previously; the position of the 1nterface

: for an equilibrium condition was computed. A plot of this computed
“r interface p051t10ﬂ is compared with the actual interface position in

5 Flgure 28 as the {nterface appeared on October 8; 1963, after 5.9 days
:vof model operation, Figure 29, and on October 15 1963 after 12.9 days

of model operation, Figure 32. The slight displacement of the - interface,

in 7 days of model operation in the interval between the times of -

‘the two photographs shows that the interface had reached a stable

position. Inasmuch as the computed position of the interface is very
close to the -actual interface position, the validity of ‘the formula o

has been demonstrated for a uniform aquifer. : - '

Flgure 30 shows the rate of d1scharge from the three dralns measured o
“at“intervals:throughout Test 7. Figure 31 shows the rate of. change
: of sallnlty of effluent from Dralns A, B, and C. ‘

The time requlred for the effluent tc be reduced to one-tenth the U
' or1g1nal concentration was. 5-1/4 days for Drain A, 4-3/4 days for
~Urain B, and 3-1/4 .days for Drain C. Dlscharge from ‘the garden
" ."soaker was higher between Drains B and C, causing the salt water
.~ to.be flushed from that end of the model ina shorter time,

Flgure 30 shows “that there was ‘some - varlatlons in d15charge from the -
“drains which' was caused by variation in flow fiom the garden’ soaker.
A pressure reducing system was used to maintain a low pressure on
“the garden soaker but some of the fine holes. in ‘the plastic tube :
became partially clogged with foreipn particles from the supply line,
‘causing slight variations . in. drscharge along .the longitudinal axis
S of ‘the .model and  some var:atlon in average discharge with time,
,;However desplte mlnor dlfflcultles the garden soaker gave generally
good results ,* ‘ S i

Sar e




Figure 32 shows the position of the interface on October 15, 1963,
3-1/2 hours before the application of irrigation water was stopped.
Following this, no further movement of the interface could be
'detected except that the curved interface started to flatten as
- the heavy salt water began to form a level surface. Figure 33
shows the interface on October 18, 1963, 3 days after the application
- of irrigation water was stoppid. ' : o o .

Results of Tests.B-1, 8-2, and 8-3

Test 8 was conducted in three parts (three rates of water appllcat1on)
. for the purpose of checking the formula for predicting the position

of the interface between salt and fresh water at equilibrium conditions .

when the time .interval between additions of a given amount of water

was varied, The single-part aquifer of fine sand was used.

Salt water, dyed blue having an average concentration of 75,190 ppm
sodium chloride, was added to the sand aquifer until it was filled.
.Twelve barrels of salt water were used to replace the fresh water

in the aquifer between October 24, 1963, and November 4, 1963, in the
filling operation. The average spec1f1c grav1ty of the salt water,
measured with a hydrometer, was 1.0350 at 60° F compared to 1.0002

at 60 F for tapwater."' ' :

a:To overcome . the dlfflcultles encountered in obtalnlng uniform clls-rf
‘charges from the garden soaker, a flush tank was arranged to-supply
© given. quant1t1es of water at any desired time interval. The
_interval between appllcat1ons of replacement water 1s very short
compared to the time required for the interface to level out when
flow is stopved, -Figure 33; therefore, the intermittent applications
- -of replacement water are equlvalcnt to steady flow The system
" consisted of a tank and flushing mechanism, an assembly of plastic
pipe and two perforated stainless steel troughs to distribute the
i"water over the model-surface, and a solenoid relay activated by
an adgustable tlmer to trlp ‘the flushlng mechanlsm.

~For Test: 8-1 2.77 gallons of fresh water were applied to the aqulrer
surface every 2 hours.” The ‘troughs were perforated at }-foot ’
intervals to. dlstrlbute the water uniformly over the aquifer surface,
. The ‘holes were large .cnough so that they could not become clogped
. with foreign particles. The flush tank and distribution system
had previously been‘calibrated ‘to discharge equal quantities of
_water to all .areas, The ‘time ‘interval ‘between appllcatlons coul
“'be varied to give: ‘different application: rates, F1gure 34 is
'.photograph of the. automatlc dlstrlbutlng system.,

..‘.r




The interface:between the saline water and fresh water formed
soon after water was first applied to the surface, Test 8-1, at
8:30 a.m., November 6, 1963, Figure 35 shows the position of
the interface on November &, 1963, on November 12, 1963, on

- November 14, 1963, and on November 19, 1963.

‘Samnles of effluents from the three drains were taken at various

time intervals and an analysis of their salt content was made

.using the flame photometer, A graph of the variation of salt

_content with time for Test 8-1 is shown on Figure 36, The salt
concentration of the effluent was reduced to a value of one-tenth

the original salt concentration in the aquifer (75,190 ppm) in 5-5/6
days for Drain A, 7 .days for Drain B, and 5-1/3 days for Drain C.

The time requlred for the interface to reach a stable position

and to reach a concentration of one-tenth the original concentration

in the aquifer does not vary appreciably whether a two-part aquifer

or a single-part aquifer is used. The time requlred in either case

for the 1nterface to reach a stable position is influenced by the

\drain spacing and the water application and/or effluent flow rate.-

The ratio, density of the fresh irrigation water divided by the .
dlfference in densities between the fresh and saline water, determines ..
the position of the stable interface between the two liquids. The

time to evacuate the required volume of saline water to form.a stable E
interface is influenced by the depth that the stable interface :

. reaches stability, forms below the level of the dralns and the rate
. of " appllcatlon of fresh water, o

Figure 37 shows the equ111br1um position of the 1nterface for
Test .8-1 as measured in the model and the comparative interface
.p051t10n as -computed by the formula based on the Ghyben-Herzberg
‘principle.. The two ‘'lines show good agreement, : :

- In Test.8-1, -the 1rr1gat10n water inflow Was added. 1nterm1ttent1y,
i producing- tran51ent condltlons whereas the formula for computing
. the interface assumes a steady state. condition of inflow and outflow.
~The good comparlson between the computed and observed position of _
the interface in the model, Tlgure 37, shows that the stable interface .
'3Lform5 -at the same.depth whether irrigation water is applied 1ntcrm1ttent1y
~or-whether it -is applied continuously. The ‘pressures near the stable
‘interface may ‘vary slightly with time Dbut it is quite obvious that ‘the R
‘variation is so slow for the conditions ‘under which thexmodel was .
-operated that the location of the interface was the sane for transient
_.conditions -as for. steady state conditions. - Pressure varlatlons in-
~the field, at the depth that an ‘interface would form would be even '
S0 much slower for transient water applications, (The 79,770 ppm salt’
~."..splution does not ‘exist-in the field, the 6,000 ppm in the field .




aquifer would give an interface at a greater depth.) However, the
‘position of the interface is very sensitive to the water table =
‘height and consequently to the long-tlre average irripation
appllcatlon rate.

Variation in the water table elevation with time, betwecen applications
- of irrigation water, was measured in the node;, and ‘a sample of
.the changing water table surface is shown in Flgure 38, . This
_relationship was developed from data obtained in Test 8§-1 by _
making water table measurements at five points between adjacent
drains on the ends of the model and at measured time intervals
after an application of water was made through the flush tank and
. stainless steel trough equipment. Figure 39 shows the variation
. of water table surface at each observation well plotted against
- time, Figure 40 is a plot of the variation of -discharge from
".Dralns A, B, and C during a 30-minute period following the application
of 2.77 gallons ‘of water. The data of Flgures 39 and 40 were used
‘to develop Figure 38. -

To verlfy that the Ghyben-Herzberg pr1nc1p1e could be applied to a

single-part aquifer and to show that the interface would move down-

. ward 'with an increased water application rate, Tests 8-2 and 8-3 were
‘made as a continuation of Test 8-1. -For Test 8-2, the intermittent
irrigation application rate was roughly doubled by ‘increasing the

- rate to 2,89 gallons per hour.  Tor Test $-3, the rate was apgain

o roughly doubled by applying 2. 77 gallons of fresh water to the
~‘model each 1/2 hour. Figure 41 shows the position of the interfaces

"-that formed at the end of Tests 8-1, 8-2, and 8-3, .The interface

' position was successively lower as the average rate of inflow and

‘? 5_1head of 1rr1gat10n water increased 1n steps,

SALINE NATTR DISPLACLMLNT

"'hThe rate at which the saline water contained in an aquifer is

- jreplaced by fresh water is an important factor in the determination

'-ﬂof quality.of; return flows, -Table 1, Column 11, shows the model

. time ‘required for- each test to reduce the sa11n1ty of the drain
-.effluent to. one-tenth that originally placed in the aquifer.

B Th15 is based on a r1g1d water appllcatlon schedule as described in .
- each test and assumes ‘that water is applied over ‘the entire surface
- .and may not - -represent :the prototype. conditions in areas where °
e H-1rr1gat10n docs ‘not 1nc1ude ‘the area above the entire aqulfer.

ﬂfThe salt concentratlon in-the drain effluent at the time -one full
lwater. rcplacement -volume and fractions of .replacement volumes had
./been-added and drained from an aquifer wou.. be :significant 1nfbrmat10n

'"”;;n understandlng ‘the process of flushing of saline aquifer water

;byuaddlng fresh 1rr1gat1on water. “A method of .evaluating the =




dilution of saline water achieved by recharge would be to compute
the percentage of saline water in the drain effluent and to plot
the percentage of saline water versus the cumulative quantity of
" water discharged .in relation to the total water stored in the
aaquifer. Figures 42 through 49 show these plots for Tests 1°
~through 8-1, When the cumulative discharge of the drain effluent
_equals one on the abc1ssa the recharge added is equal in volume to
the total water volume or1g1na11y stored in the aquifer, The
concentration of the effluent indicates the extent that salt water
"was forced ahead of the fresh water and the amount of the latter
that moves directly to the drain.

A plot was made for each test relating pcrcent of saline water in
the drain effluent with cumulative discharge in units of volume
of water stored in the aquifer. Therc are differences in cumulative_
discharge from test to test, depending on whether the test included
a two-part aquifer (Tests 1 through 5), a single-part aquifer .
(Tests 6, 7, and 8), whether the saline water was placed to the
i\ top of thc upper aquifer (Tests 4 to 8) or to the top of the lower
aquifer at the beginning of the test (Tests 1, 2, and 3), what
‘the concentration of salt ‘solution in the aqu1fer was at the . .
" ‘beginning of the test, the number of drains operating, and ‘the rate -
of water application to the model and discharge from the drains,
:In Tests 1 and 2 the permeability ratio of the upper aquifer to the
~ lower aquifer P was -1, Flgures 42 and 43 show ‘the relatlonshlps
o — ‘50 . . .
resulting from Tests 1 and 2 in which the lower aquifer was charged =
~‘with saline water with concentrations of 6,530 and 6,490 ppm,
-respectively., These, in effect, pgive the same general curves
" although they -are: dlffercnt in deta11 ‘The percent of salt water
- in the drain-effluent reached a maximum for both Tests. 1 and 2. -
.of slightly above 70 percent when 0.2 of a model porosity volume
had‘discharged from the drain. When 1.0 model porosity volume of
~accumulated discharge had discharged from the drain, the :effluent
contained only about 10 percent of the original aqulfer saline

'ffwater in both tests. The comparison is very good_even though the

| Water was applied to the model in ‘two different ways, (1) by’
intermittent. app11c1t10n of irrigation water using a 3-gallon
. -sprinkler can giving an: average rate which varied from 2.10 to

" 3:54 gallons per-hour (gph) in Test 1, Figure 42, and (2) the - =
“dirrigation recharge was applied’ contlnuously at an average rate of -
2,93 -gphousing a garden soaker hose, Test 2. In this test the

zﬁﬁ}peak concentratlon of salt remained at a level slightly above 70
,'ngpercent durzng the ‘time ‘required for 0.1 ‘to 0,35 of a model por051ty

. .volume:to be-discharged from the- drain. 'The salt water :concentration.
,jthen dropped rapldly.. In Test 1 the peak concentratlon of salt




continued for a shorter period but did not drop as rapidly as ‘in
. Test 2. The differences between the two curves, Figures 42 .and 43,
is attributable to the different rates of applying the recharge
water, The average recharge rate for Test 2 during the first 3 days
. .of operation was -higher than for Test 1 which accounts for the faster
- removal of salt water in Test 2. The overall average recharge rate

- for the entire tests was higher for Test 1 than for Test 2.

. The materials which were used to form the aquifers were placed
. in the model in a dry condition and in a random manner and therefore
it is believed that 'in all tests the horizontal permeability Py and
the vertical permeablllty P, for both - aqulfers was the same making:
~the ratlo Ph 1, -

HPV :

.Test 3 was made in the . same tWO-part aqulfer model ‘as were Tests 1

- and 2. Salt water w1th a similar concentration, 6,200 ppm, was

placed to the top of the lower aquifer to start the test. .In Test 3~

. the application rate of irrigation water varied between 12.76 gph

- and 13,35 gph; “three drains, prototype spacing .315 feet, were used.
 The .spacing was 1,260 feet for Tests 1 and 2, For these different
-conditions in Test 3, the curve of Figure 44 showed that more salt
- ‘water was ‘forced out of the lower aqulfer with less total irrigation

 ‘water being applied than for Tests 1 and 2. The concentration of
" salt water in the drain effluents reached a peak .of approxlmately
45 percent of that placed in the lower aquifer at-the time 0.22 of -

-a‘model porosity volume ' had been discharged through the ‘three draxns

- and: after 1.0 model porosity. volume of accumulative dlscharge had
- “flowed through ‘the model, the concentratlon of salt in the effluents _

was. only about 3 0 percent ) o : =

”7iThe rate of removal of salt water from the two-part aqulfer model o
- in Tests 4. and 5 -are shown in Figures 45 and 46, The initial. condi- .
Stions. for ‘these two tests ‘were very similar, except that in Test-4

“* three drains werc used giving-a prototype drain spacing of 315° feet?f ee;ﬂ}_

in Test 5 the ‘prototype:drain spacing was 630 feet. In both tests
“the upper and .lower ‘aquifers were filled with salt water to the top: ~

:_ =of the ‘upper .aquifer.” At .the beginning of. each test the drain
"fcffluents therefore consisted of approx1mate1y 100 percent. salt .
water. . In both Tests 4 and 5 the percent of 'salt water in the draln:fa

”1ef;luengs was reduced to 20 perccnt by the time 1.0 Mmodel porosity .
' volume had- discharged throuph the drains. . However, in Test 5 the

. -saline :water. concentratlon did not" drop as rapldly as-in Test 4 P
f“fbecause of ‘the .closer:drain spacing in Test 4. 'For. example at: the"

- time that 0.2 of .a.model porosity volume had- dlscharged through the”
".drains ‘the ‘Test:5 drain:effluents contained ‘85 percent salt. water - .
"and the Test 4 effluents contalned only:TO percent. At the t1me




‘that 0.6 of a model porosity volume had discharged through the

- drains in Test 5, there was 65 percent salt water in the effluent

and in Test 4 only 38 percent, The differences between the curves
- plotted for Test 4 and Test 5, Figures 45 and 46, are attr1butable
to the different drain’ Spac1ng in the two tests,

Test 6 was conducted using a single-part aquifer made from the same .
" material as the upper-aquifer for Tests 1 through 5. Salt water
with 4,000 ppm concentration was used to completely fill the aquifer. -
The average discharge for this test through two drains was 2.43 '
gph. At the beginning of the test the drain effluents contained
'approxlmately 100 percent salt water and at the time 1.0 ‘model
porosity volume had discharged through the drains, the effluent -
_ ‘contained caf proxlmately 40 percent of saline water, Figure 47

shows for T¢st 6 the relationship between percent of saline water

" in drain effluent and cumulative d1scharge from drains in terms
of total amount of saline water placed in the model (model por051ty
volume)

‘Results of Tests 7 and 8-1 are shown on Figures 48 and 49. These:
‘two tests were conducted in the same single~part fine sand aquifer,
filled with 79,770 and 75,190 ppm salt water, respectively, so that
- the ‘salt water was to the top of the aquifer at the beginning of-

 both tests. Test 7 had an application rate of 2.76 gph with three

‘drains being used and Test 8-1 had an application rate of 2.77
~ gallons each 2 hours, with three drains being used. The percent
.sof 'salt water ‘in the combined drain effluents at the beginning of
" Tests 7 and 8-1 was slightly less than 100 percent, probably because.

" of the. small amount of ‘fresh water remaining on ‘the sand particles

- of the aquifer when it was charged with salt water, Test 7, Figure 48,

~-:showed 'that the percent of salt:water in the drain effluents was

- about 20 percent.at the:time 1.0 model porosity volume of effluent
had discharged .from the drains. Test 8, Figure 49, showed that at
the ‘time 1.0 model: porosity volume of effluent had discharged from
the drains the percent of salt water in the effluent was about 10
. percent, The difference in salt water content in the effluent
. for Tests.7.and .8 is attributable to the dlfferent fresh water ;7
'recharge rates used in - the tests S

'_Tplots rclat1ng the percent of salt water in the draln effluent with -~
- accumulative. discharges from the drains were not made for Tests 8-2
~and 8-3 because these tests were a continuation of Test 8-1 and

'fe}werc not: started with the aqulfer full of salt water,
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gure 11
Report Hyd-541
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-FIGURE i2
REPORT HYD-541

CONGENTRATION

TOTAL SALTS

h
&)
o
o

FPM

- GALLONS

WATER DISCHARGED

Three _n_ﬂ.o.S.w

‘Original concentration in oquifer

NaCl 6200 PPM by wt.

KGl 100 PPM by wt.

-Woter was odded to surfoce with o lawn soaker at

on.averogeé rofte of "13.03 gallons per .:o‘cﬁ

Concentration of NaGi by Flame Photometer Method.

]

CNS OF

CHARGED

“DRAIN A ., : T S \R
_ T - -
. 1

! ]

rDRAIN C

T

o o I I O

2 N " . 22

MODEL TIME IN DAYS OF MONTH - APRIL 1963
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" One hour and five mmutes after the start of Test 3,:the biue salt water could
" be seen approachmg the three drains, located at each end and the middle of
model

GROUND-WATER -MODEL.

T danSr.g

I$C~PAH 3oday




One hour and fifty-five minutes after start of Test 3, a wéll-developed flow
pattern toward the drains is evident. Clearing of the lower aquifer has begun
“and a curved interface is evident. .

. ST

.

'« GROUND-WATER MODEL
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Figure 16
Report Hyd-541
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Report Hyd-541

Figure 17

TIAON YALVM-ANAOHD

-1a7inbe 2y} ul 91e1s ITYEIS ,._on.ﬂm ue syuegeadal STYL “1ES JO wdd
g0l 29A0 SUTBIUOD [f11S JuInfIe uteap ayj ‘paoerdes uaaq SEY Jayinbe J23m0]
au} U} Jayem J[EE AU} Jo J1BY 1noqE ‘g 3593, ‘uopeaado jo sfep ¥ jEOWIE APV




Report Hyd-541

Figure 18
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Report Hyd-541

Fipgure 19

TACON HHLVM-ANNOHD
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Fipure 22
Report Hyd-541

A, Position of interface on June 14, 1963, when concentration
in effluent from Drain A was 1 /10 {683 ppm) of that initially
placed in the aquifer (6,830 ppin}.

B. Position of interface on June 16, 1963, when concentration
in effluent from Drain C was 1/10 (683 ppm) of that initially
placed in the aquifer (6,830 ppm).

Appearance of Model Interface during Test §
when Drain Effluent Contain 1/10 of Initial Salt
Concentration

GROUND-WATER MODEL




Figure 23
Report Hyd-541
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At the end of Test 5 salt water remains in permanent
storage in about onec-third of the volume of the lower
part of the aquifer. Effluents from Drains A and C

contain 56 and 136 ppm of salt, respectively, after
20 days and 2 hours of rnodel operation.

GROUND-WATER MODEL




. FIGURE 24
REPORT HYD-S41

B

i
Initial concentration of saline selutien
in full depth of single part aguifer
NaoG! - 4,000 ppm. .
Woter odded to surface continuously a
avercge rote of 2,43 gal. per. hr. o
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Figure 25
‘Report Hyd-541

AL Interface when Drain A, ‘left, effluent had a’ salt

concentratmn 1/10:(400 ppm) of original concentratton
-1 12 days after begmnmg of test, -

_'i'E.Interface when Dram C rtght efﬂuent had a: salt
... iconcentration®1:/10: (400 ‘pPpm} of: or1g1.na1 concentratmn
. 8-1 12 da.ys after bqg‘mnmg of test.. '

B ‘Appearance of fresh water salt water 1nterface m Co
“Test 6 when drain’ effluents’ contain 1/ 10
.of original.aquifer: salt '
concentratton

' .GROUND-WATER MODEL -




Figure 28
Report Hyd-541
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Only small wedpes of sait water in the lower corners beneath
the drains remain in the aquifer of Test 6 on Aupgust 26, 1963,

after 13 days (50-1/2 proloiype years) of model operation.

GROUND-WATER MODEL,




Figure 27
Report Hyd -541

. A The hlgh ccmcentratmn of salt- (apprcmmately 79 770
ppm) caused the blue dye to have a light bluish-green .
color {(lower part of aquifer) at the beginning of ‘Test 7.
' /As fresh water mixed witk the highly concentrated salt:
. water the solutmn became dark. blue. -

B ‘The dark-blue band (mterface) separa.tes the fresh

: _water above and the:saline ‘water below after 7 days of
. - operation of Test-T. 0r1g1.na1 concentra.tlon of salt was
3"'.-_:approx1mate1y 79 770 ppm"_-' : B A _

Test 7 at the begmmng and" .
- a.fter 7 days operatlon b

GROUND-WATER MODEL " -
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Test T, with single-part aquifer, .showing saline water-
fresh water interface on Qctober &, 1963. Interface is
in sarne general position as computed using the Ghyben-
Herzberg principle shown on Figure 28. Salt concentra-
tion in the aquifer at the beginning of the test was
approximately 78, 770 ppm. : N '

GROUND-WATER MODEL

Figure 29
Report Hyd-541
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‘Figure 32
Report Hyd- 541

Salme wa.ter fresh water mterface of Test '7 after 12 days
and 20 hours operat:.on of model.

GROUND -WATER MODEL




Figure 33
Report Hyd-541

" Saline water-fresh water interface of Test 7, 3 days
(13. 8 prototype years) after the application of irri-
.gation water was stopped.. Comparison with Figure 32
-shows ‘that the interface has not leveled completely.

GROUND-WATER MODEL .




Fipure 34
Report Hyd-541

Sand tank model with automatically operated fiush tank and stain-
less steel troughs installed for Test 8, to apply irrigation water

at regular intervals and distribute it uniformly over the aquifer
surface.

GROUND-WATER MODEL




Figure 35
Report Hyd-541

November 19, 1963

Test 8-1, single-part aquifer was filled with approximately
75,190 ppm salt water before beginning of test; photographs

show movement of interface from November 8, 1963, to
November 19, 1963,

GROUND-WATER MODEL
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FIGURE 37T
REFPORT HYD-541

3-Drains ; m
0 =2.77 gal in 2 hours’

2

THECRE

Lo

L] s : o
‘GBSERVED Z.,A..m‘mmw:om,. :l_m-_mm: B30 AWM.
‘“TEKEN FRGM .._uID._‘DmM.PnI IN FIG. 35,

. 2R EERAENNENEEENEE
T 12 © 13

““HORIZONTAL DISTANGE-FEET.

ELEVATION- FEET

L BILA VALLEY
GROUND WATER ‘MODEL.
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The stable interfzce at the end of T'ast 8-1 had been
achieved by the application of 2, 77 gallons of fresh
water every 2 hours.

o e A WA R
0 A iy 3:‘.?:‘ AL S/

Fipure 41
Report Hyd-541

W i B B
muuﬂmﬂm

The stable interface at the end of Test 8-2 is lower
than in 4 above. Fresh recharge water had been
applied at the rate of 2,89 gallons every hour,

C, The stable interface at the end of Test 8-2 is lower
than in A and B above. Fresh recharge water had been
applied at the rate of 2, 77 gallons every one-half hour.

Photopgraphs of stable interface positiens at end of Tests B8-1,
8-2, and 8-3,

GROUND-WATER MODEL
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M_
“..m__ﬂso noq*onc;mﬂ mu:\u..u /50
. - -l Saline water to top of lower daquifer.
Concentration = 6200 ppm. NaCl
xma:aqam rate =12.76 10 13:35 gph.
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' 'Memorandum to. Ch1ef Development Englneer and Ch1ef Research Sozentlst

" from R. E. Glover, dated November 26, 1963, subject: "A formula

" for estimating the ultimate position of the interface separating .
‘an initially present. 'salt water from a freshenlng replacement water
.1n ‘a’ dralned aqulfer " PR

;Memorandum to Chlef Hydrology Branch from R E. Glover, dated
;Apr1l 17, 1964, sthect' "Pattern of aqulfer sueeten1ng Hhere tile.
edrazns are 1nsta11ed._ ' .




o Hemora.nﬂm ' ' - Denver, Colorado E
‘ .'.‘To. . 7 Chief Development Eng:lneer_ -7 - Dates November 26, 1963
g - Chlef Research Scientist o 5

:'f'.' Su‘b,ject: iy :l’omula for estimating the ultimate position of the

interface separating an initielly present salt water
from a freshening replecement water in a drained aquifer

0ses

A Btudy of the mechanics of aquifer sweetening has been initiated

7 to provide information on the changes which follow the installation
- of dreins in an originally salinized erea. Of pa.rticula.r concern

" 41s the quality of the drain effluent and 1ts changes with time and -

 .§ ‘the part of the original saline water which may be left in storage. . - BRI
-, ‘Experiments are being conducted in a gless-waelled tank, and the

experiment-a.l vork is being supplemented by analyses which will
- ..permit a correlation of the lsboratory date and an extension to

el other conditions. The development deseribed here relates to the "

" terminal state reached when the movement of the saline water has . o
“-ceased below &n 1nterface separating the saline and fresh waters. .
- The saline waters below. the. 1nterfe.ce may remain- 1n storage focr

g long periods of time.

.o

. ‘_"Definit:i.on of Salt. Storag_

s It i1l be well to cla.rify' here wha.'b wi.'L'.’. 'be intended. by the
* gtatement that salt will be left in storsge. In any given cese, '
.- a mumber of mechanisms will coptribute to removal of the salt
origina.lly present - in an equifer prior to the instellation of

" drains. Same of these mechanisms will be very 8low compared to

- others. ~Among these slow ‘mechanisms may be listed molecular

j diffusion,- diffusion of salt water ecross an interface due to &

" bodily movement of the laterface and the like. In the early

phases of the salt removel an interface: develops between the .-
‘original ssline waters and the incoming replecement waters, and

‘tha ‘replacement waters push the saline waters ahead of them to f
‘the ‘drain. . This is a relatively fast mechenism and comes to the -
-end of its. a.ctivity when the interface reaches a steble configura~ .. .
‘tion 4n which ‘the saline water below : fhe. interface becomes B't-a.gna.nt. RN
The saline water below the steble’ poswbion of ‘the interface 1s | U
‘-a.ssumed. to.be retained. in atorage ‘beeuase the mechanisms which
‘then came into play act very: slwl;r. Ac‘tually, eil of the. aa.lt
will ultimately be removed froem' the a.quifer, but, after the’ ﬂrat
j;phase 'ccmea to. an .end, +the’ sweetening proceas 18" cunplete for

: 4 - : i




The Ghyben-Herzberg Principle

. Tt has been known since the time of W. Badon-Ghyben and A. Herzberg
who published the regults of their discoveries in the years 1889 and
1901, respectively, that lenses of fresh water are present in many
coastal areas which exhibit the property that for each foot of eleva- .
tion maintained mbove sea level in a water table receiving infiltrat-
 ing rain vaters there will be 40 feet of fresh water below sea level.
" Recent analytical studies have diselosed the reason for this
important relationship {1]. The sea water below the interface is
‘stegnant and the fresh water above it is flowing. The difference
in static pressures due to the aifference in densities must be made
up by the head. gustaining the flow on the fresh water side of the
. interface. Sea water has & salinity of about 35,000 parts per
million and a density of gbout 1.025. The difference in density
is 0.025, and this will require 1 foot of water table elevation
above ses level for cach L0 feet of fresh water below ses level to
- maintain equilibrium. .

‘Salt_ Storage
It must be expected that the Ghyben-Herzberg principle will operate
. also in the case of drainage by tile. Here the infiltrastion from
" {prigation replaces the rainfall infiltration and the drain replaces
the coastline. The ultimate position of the-interface will be
determined by the drein spacing, the infiltration rate, the perme- :
ability, and the density difference between the saline and replace~. - -
~ ment waters.. The relstions will be as shown on Figure 1. The :
- ‘quantity m haes the value : -

“ - (75 Ev) } X 7(1)_.'.

‘where

7, Tepresents the density of the saline water

7, represents the density of the‘reﬁlacanent_mter._

Yevelopment of Formulas |

7. VHere the flov. to unit length of drain q 18 sustained by an
' Dfittretionwate 1.0 . Stalned W




q::i(%—). . ‘.I.:- . (2)
' Where L. repu'eaenta the drain spa.cing, in terms of the pemea.b:llit:.r -

K el the gredient & tne flow 1s also expressed by

B -5

qekl+m n.

U When: -q elimimteﬂ- frcm these ex;pressions, the following

.d.ifferential equa.tiun ia ob‘ba.ined'

~ In ‘most. cost .cases’ h wiIL'L be zero.. Th:l.s is the formula defining L
- the’ ultimate position of the interface 'between ‘the saline and
repla.cement waters. ¥ Consistent units are’ ‘used throughout. Lo

;'Ude of the fom:las deacri‘bed a.'bcwe wi:L‘L 'be illustrate& by applying _.
}j-than to a hbmtory test amnganent. S Sl T o




" Consider the laboratory test conditions provided by & gless-walled
tank 15.72 feet long and 2.5 fect wide £illed to a depth of 2 feet
. with sand having & permeability of 0.000533 ft/sec. An essemtially
.. pure water is supplied at a rate of 2 gallons per hour. The

. ‘saline water origimally in the sand hss & salinity of 71,500 ppm.
A drain is pleced at each end of the tank at a depth of 0.2 foot -

~ below the upper surface of the sand, and an additional drain is
.- placed at the center. Camputation of the position of the interface -
15 wade in the manner shown below. : _ N

Tgble .1

Computation of~ the ln.tiﬁate Position
-of the Interface between Saline and Fresh
: . Vater !nwa Sand Model. - '

| t‘.,;&(;’ae £t K = 0.000533 ftfsec m = 20.0 i = 1.89 x 107° f‘b/séc': .

o (m) \[1 (1 - &) (o) m .
R ¢ \! T/ | (feet) =~ mh- -

0 0. 0.
0.600 0.030T
0.800 . 0.0:08
0.917 - 0.0468 -
0.980 -0.0500

The ‘position of the interface is shown grap}iicaliy on Figure 2.

 Comnents

The present status of the ‘analytical work is thet a formula for

' position of the interface separating the

_ ers has been developed and subjected To . -

- an analytical check. A laboratory test has been initiated to . - .

test this formula. Before using the formula for design purposes, oo
it-g.}rmﬂ.d--fbe,--ve;"yJ_d.esirable to.check 1t against field observations, . .

but this may be difficult due to




e

These d.evelopnents have ‘ha.d. the ‘beneﬁ.t o:f:‘ a, check 'by Measrs. W. ':.
Mooﬂ.yandE. T Uarlaon. L TR

Re:rerences o | o
‘[1] “Ihe Pa.ttern of Fresh Wa.ter Flow. in a Coastal Aq;uifer 1 ‘by
R. E. Glover, qurnal of Geophysical Research, Vol.
No. 1l-, April 1959. 5 S
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© Memorandum ‘
To: - .-Chief, Hydrology Bra.nch Date: April 17_,_19611-
Fran: R. E. Glover
Pattern of e.q;uifer sweetening where tile dra.ins are

" quality of the drain effluent because-it .may contribute to the flow

It is the.purpose: o:i:‘ the developments descri'bed. herein to ewaluate
- —"’the ‘changes of salinity of the dminage water with time.

.- " The laboratory and ana.lytica.l investigations descr:mbed in the a'bove
“ . references disclose that a stable interface wltimately ] forma ,

', between the" freshening repla.cement waters and & remnant of the
--A_i_.rcr:f.ginally present saline waters..
" -salt water is stagmant while the replacement waters above the

~.interfece are. flowing to the drain. .

Denver ,. Colorado

Subject: .

Purposes - . . ' : .

When tile drains are installed to provide drainage of an aquifer
which contains saline waters, it becomes important to eveluate the

of a stream whose salt content is already high. The mechanics of
aguifer swee'bening hec been mede the subject of a laboratory
investigation. "An anslytical investigation has also been made fo
determine the ultimate position of the interface separating the
replacement water from the residual saline water, and this deter-.
mina.tion has been correlated with the laboratory findings. It
remains to evaluate the pattern of effluent salinity as a function

of time after drainage begins. . i

-References _
REference is made to the fallowing: _ | : _ o \ e

Hydraulic Ie.bora.'l:.or:,r Report No. 520--Progresa Report No. 1~= = -
‘Laboratory investigation of the removal of selt water from T
a two-part aquifer using tile dralns installed in the upper

member, June 27, 1963

" Memorandum to Chief, Hydrology Bra.nch, from R. E. Glover on
the subject "A formuld for estimating the ultimate position
of -the interface separating an initially present salt wa.ter
' from a freshening replacement- water in a drained aquifer, ' G
dated September 19, 1963 ‘ ‘ A T

‘Rate of Aquifer. Sweetening--—One-Part Aquifer '

. .Q' e

‘Below this interface the: rema.ining

‘A1l of the 'saline _’_vqat_ers :




originally present in -the aquifer gbove the position of this final
stable interface are Tremoved. The removal occurs over an. extended
‘period of time during ‘which the quality of the drain effluent -

gradua.l.‘l.y imprcrves. ) _ r.

- As a f£irst step towa.rd an evalu.a.tion -of the sweetening process At
is necessary to estimate the amount of saline water to De removed.
On page 4+ of the memorandum of September 19, 1963, the height of
"I:he wa.ter 'ta.'ble maund. is g:l.ven by the express:n.on'

| m Jl (1.-——)

rem'esents the he:.ght of the water ta.'ble a.'bcve the
devel of ‘the drains’ (feet) '

1 the :I.n:Eiltmt:Lon ra.te of the repla.cement wa.ters
- {£t/sec)

\\.

-

K the pemee.‘bility of the e.quifer, sujgpoaed to be
| uniform and hmogeneous (#t/sec) -

G .?,)

vhere 7. .and’ 7 a.re the densities of: the

:_"sm_ine a.nd. re‘..i.a.cement waters, ex'pressEd_ a8 e. .
- -ravio to ithe density of pure vater ‘t.aken as -
unity (d.'l.mensionless) e

L 't-he dia't.a.nce 'netween ﬂ.-*‘«.im (feet)




6 +the salinity of the drain effluent in excess of that
~ of the replacement water expressed as & retio of
the weight of the salute to the weight of the
solution (dimensionless) N

'_so' an-inftial salinity concentration (dimensionless)
+t time (seconds) .

V  the ratio of the voids to the gross volume in any
‘ portion of the aguifer (dimensionleas)

‘W the volume between the plane of the drains and the
% . ultimate position of the interface per unit length
of drain (£t?) a ' _

YW the volume of wvater in the volume W (££7)

‘u & verisble of integration (¢imensionless)

Gallons per cubic foot T-4805
Pounds of water per.gellon 8.34

1 cubic foot per second is eq_iiiva.leﬁt to 448.8 ge.ll;:ns
per minute or T7.480 gellons per second '

<

'Bj the Ghyhen?ﬁei'zberg principle, the depth of _replé.cement water

" below the level of the drains when the interface has reached 1ts
' ultimate stable position is .mh . : o e _

-.Then :




-

- B B:,r introo.ming the cha.nge of va.ria.'ble

@-@-f-)

{.The;fia.'bdve :'acpression takes the _form

EER. S NE Joo o Nimwae e

. f Viewaue %[u J1ow® + st u] .

it follows that

:-{"'.'I!he condit:lon tha.t sa.lt ‘removed from the a.quifer nmst a.ppea.r :ln S




' Rate of Aquifer Sweetening--Two-Part Aouifer

-~ In the case of a two-part aquifer where the lower member has &
much higher permeability than the upper member, some modification
of the procedures cutlined above must be made. These will be

' best 1llustrated by examples 'ba.sed upon the performance of the
laboratory model.

Correlation w:.th Ieboratory Test Data

Ia.‘noratory ‘Pest No. T was performed with a onc-part agquifer, that
is, with an aquifer of one material from top to bottam. The
expressions (1) to (10) apply without modification to this condition.
The tank used for this test was 15.72 feet long and 2.5 feet wide.
Tt was filled to & depth of 2.0 feet with a-sand having a perme- .
* ability K= 0.000633 ft/sec . There was & drain at each end of
. tha tank and one in the middie. These were placed 0.2 foot below
_:the +top of the sand. With this arrangement the drain spacing was
" L= T.86 feet . The effective voids ratio was teken as 0.35.
Water was supplied at the rate of 2.76 gallons per hour. This is
.equivalent to 0. 3689 cubic feet per hour. Then '

-0.3689

L. AT - v(2.6078)(10)'5.ft/.853c .

Before the test began the sand was f£illed to the top with a
solution containing 78,000 parts per million of selt by weight
‘based upon the solution. 'fhe dencity of -such a solution is 1.055.
The replacement water had a sslt (sodium' chloride) content of only
ebout 6 pa.r't'.a per mi].l::.on. 'I‘hen, frem expression {(2)

K

1

'(__—___—71055-1000 =J.8182




— (18.182)(3 1u15)(7 85)2(0 olsu5)
(1+m)K

= 7.2HT

= ':a.nci the volume of saline Ha.ter to be removed. over the 7 86-foot
--_j.apa.cing is ' _

W = -"(0.35)(7.21;7) = 2.536 22 .

.7 he ‘flow to each drain from one s'idt_a' 15
4= ey - 1028000 sfaee
= (6.642)(20)™® .

'i{Hére‘.ﬁhe' sa.line' -wé.ter above the drains -in _amoimt |

1(7.86)(0.2) (0. 35) = 0.550 #t2 'has been’ included :I.n the amount of N

o sa.line wa.ter to be removed. “The tota.l is

2, 536 +0.550 = B 086 f-t.a The cdnpm:-a.tion of 'I.'.hc_e ﬂ.rain salini‘b}r:_r'

a.s a: function of time 15 ahcrwn in 'l‘a.'ble 1 'below.




Table 1

Computation of Saline Content
of Drainage Water for Laboratory Test No. 7

Time Time = Tme - 20t - 2= s
hours days seconds VW e {pom)

0 0 -0 1.0000 78,000

] 5,600 0.02k 0.9763 76,200

2 7,200 0.04B  0.9531 74,300
6 © 21,600 . 0.1%3 0.8668 67,600
S 12 .. h3,200 0.287 0.7505 58,500
24 86,400 0.574 . 0.5633 13,900
48 ‘ 172,800 1.148 0.3175 24,700
T2 © 259,200 1.722  0.1787 13,900
1y 518,400 3.443 0.030% - 2,400

\

These values are compared o the test values by plotting them on
Magure L. The correletion of observed a.nd. camputed values is
considered good. :

- Pest No. 5 was made with & two-part agquifer. The upper member was

.- of fine sand, was 1.0 foot in depth, and had a permeability of

- 0.000533 ft/sec. 'The lower member composed of & coarse seid or i

fine gravel was also 1.0 fooct thick and had a permea.‘oil:.ty \of about

0.0294 ft/sec. To prepare for the test, water having 6,835 parts

per million of sodium chloride'and 100 ppm of potassium chloride

. was used to saturate the model sands up to the top of the upper

- gand.  Fresh water was then spplied at the rate of 3.32 gallons
per hour, of which 1.87 gallons per hour passed cut of Drain A
~and 1.45 gallons per hour pessed out of .Drain B. These two

- ‘dralins were in the ends of the tank. . 'There was no centrel drain

so that the distence between drains was, in this case, 15.72 feet.
A blue dye was placed in the seline water so that its behavior
-could be chserved through the glass walls 'of the tank.

" ‘Observations made during the progress of this and of previous tests |

- indicate that, for the most part, the applied water moves-directly
~downward to the lower gravel bed, moves horizontally along it, and

“then moves upward to the drain through & harrow zone of the upper
‘bed. This zone 1s contained approximately within a quadrant of

k ".‘;z ;& circle having its center at the top of the gravel. layer directly
" below the drain. The circle passes through the drain location.

' “VWaters applied. d.:l.rectly @gbove “these quedrants flow to the drain’
" through the upper layer. . The remaining waters go d.owmra.rd. to the .

ey _;.;_'_,gmvel la.yer and flov to the drain vithin the que.drant.




- ‘Under these conditions it may be expected that saline water of the
.original concentration will flow to the drains until the interface -
‘between the seline and replacement water reaches the upper surface
‘of the gravel layer. After this happens fresh water will begin to

-~ move to the drain and an improvement in the quality of the effluent
‘can be expected. S - S 5 S

The a.péiicé.tion rate of 3.32 ga.llbns‘per hour or O.Llh cubic feet
_'_per'hour-will meintain an infiltration rate of

' -(oimh)-' 0.4k N B
1 = 13;600)(15.72)(2-5) ~ IWL,580 - (3f1ho)(1o) ft/sec .

i

_ ‘The time required for the interface to traverse the 1.0-foot
- thickness of the upper bed is- ' A _ _

. AN i
4 i . S . : . vl

. '_,J/‘.

{2:0)(035) _ 131 565 seconds

| :";(3.1ho)(1o)'_

R .31 hours

1.29 days .

With salinity of this concentration and a drain spacing lomg 5 -

- " .compared to the depth of the aquifer, it is to be.expected that
* . substantially ell of the saline water will be removed. However,

"""‘.':;.".j_:reaBOna.bleq_to‘.-be_.ke“ RN

~.after the interface reaches the top of the lover bed, only about
;. half -of the original salinity remains since, in this model, the -~
upper and lower members are-.of. equel thickness. Then it will be

W= (10)(15.72) = 15T R




W = (0.35)(15.72) =5.502 £t2
ﬂti; a :';orxjespoﬁding :av'éi-ggé dj:-ad.n fiow-of _ '

%le%g&llonsperhouperfoot."

(1+9.3l_')(1.0')"6 213 /sec .

| .W -(-1}-9—35%%-('@— (8 962)(10) -8 l/bec .

N ‘_'The fo].'l.awing canputa.tion is 'be.serl upon t.imes heginning when the - o
o interfa.ce rea.ches the lower bed._ . _ .
Ta.'ble 2

] Cmputa'bion .of the Sea.'.l.:l.ni1:.:,ir : :
B F_\ of Dra.ina.ge Water for Test No._ S

ne '_.iTme Time
da.ys seconds e

‘ o
53600' :
1,200
21,600

. k3,200 0,
- B6400. O
172,800” My

859,200 .

"518 400 . -




VW _(0.3_5)(15.72) = 5.502 £t2

with a confes_ponding ‘average drain flow of

- q= 2—5—2.50 = 1. 528 ga:l_lons per ‘hour per

© (1950 (20)™ fﬁalseé

P
s

5.502

& ﬁ?_é})_(&_c’l_. . (8.962).(10')_"3_5./5&3:: .

'The follmain.g ccmputation is 'based upon times 'beginning when the ik e

f}

1n'berfa.ce rea.ches the 1ower bed..

Ta.'ble 2

_ chnputa:blon of- the Sa.l:.nity E
of Dra.:l.nage Wa.t»r for Test No. _5

Time Time 'j Mime” 2% .:::}' 2
days _seconds . W

3,600
7,200 7
21,600.._
43,200
. 86,400
_ 172,800
-j .859,200 .
5l,8i4001‘“'

5

He
AN D

FNHO0D000




The pesults of these camputetions are compared with the test results
on Figure 2. _ , _ L ,

' Mest No. 2 was performed on a two-part aguifer. The upper. member
 consisted of fine sand having & permesbility of 0.000333 ft/sec.

" mme lower member was composed of a fine gravel with 2 permesbility - - -
- of 0.0294 ft/sec. Both members had a thickness of 1.00 foot. The o
" salt solution containing 6,497 ppm of sodium chloride and 112 ppm-
of potassium chloride was origipally present only in the lower
‘member. There was only one drain at the end of the tank so that

. the. equivelent drain spacing was (2)(]25._"?2) = 31.4k4 feet.

| The supply of ‘x"e::la.c'ement water averaged 3.1T1 gal/hr for the first
L days. Details of the observations are shown on Figure 3. =

For & tark width of 2.5 feet and a supply rate of 3.171 gellons

' ‘per hour or 0.0001178 cubic foot per second,

_ 0.0001178

C_l.-'r 2.5 - =. (14'7-1) (10)“6 ﬂ?/sec

_ (9&.2)(10)'“ - (8_550)_(10):"‘"

11.00%

..

e computation of the selinity of the drain efflvent is shown in
. Table 3. B R R o

. Table 3
... " Computation of Seline Comtent
. of Drainage Water for Laboratory Test No. 2

_ Time Time  Time 2at . - L
.. days - seconds . W 7 L)

B o 0. . . 1.0000 6,497 -
.. 3,600..-0.0308 0.9697 6,300 -
07,2000 0.0616 - 0.9402 6,108 . .
21,600 0.285 - 0.8311 5,400, -
. 43,200 7 0.370 . . S0.6907 & L4877
1. 86,400 . 0,740 -OMTTL 3,100 e
172,800, 1.k79 " 0.2278 ‘1,480 L
59,200 2,219 - - 0.1087 706
345,600 00819 . 35T

. "./s/ Bovert E. Glover S

~
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