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ABSTRACT

Intense use of aquifers for irrigation waters has caused groundwater
storage depletion in many afeas of the arid and semi—arid-west, includ-
ing the San Luis Valley in south central Colorado. Artificial recharge
iz a means of alleviating this problém. To show the practical benefits
of artificial recharge to local water users, a demonstration recharge
basin was operated in the San Luis Valley. Both numerical and analytiéal
models were calibrated to the aquifer response to suggest operational
policies. Analysis of the results of the demonstration project indicate
that if recharge.operations are condﬁcted during the non-irrigation
season when excess water is avaiiable, significant amounts of water can
be added to storage and combat groundwater depletion.

One difficulty with the use of models i; that the results obtained
from them are hard to visualize by ﬁon~technical persons. Recently a
wide variety of microcomputers have become available which are relatively
inexpensive and have the capability of readily evaluating solutions which
describe groundwater response to artificial recﬁarge. Their portability
and graphics features make them exceilent demonstration tools. As part
of this study, a computer program was written which uses Glover's (1960)
solution for recharge from a recténgular basin to model artificial re-
charge. The program is totally interactive, extremely user friendly and
runs on an Apple II+ 48K microcomputer. The model describes ground-
water response to artificilal recharge in an infiniﬁe, homogeneous
aquifer and in a stream aquifer system and‘can also calculate discharge
into a stream. The model is designed for use by both technical and non-

technical persons and 1s an excellent means of transferring knowledge




" from groundwater hydrologists to water users. The microcomputer model
developed in this study could be used in other. parts of the San Luils
Valley to evaluate the benefits of artificial recharge in these other

areas.
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'SAN LUIS VALLEY ARTIFICIAL RECHARGE DEMONSTRATION PROJECT

CHAPTER T
INTRODUCT ION

Throughout the arid and semi-arid west, broductive lrrigated agri-
culture has been made possible by extensive use of groundwater froﬁ'
aquifers. These aquifers are tapped yéar after year to supply irrigation
wéter for the crops. In many locations more water is taken out of the

_aquiférs ;nd consumed by the crops than can be naturally replenished

by the hydfologic cycele. Simple addition and subtraction indicates that
unlgss the water balance of the aquife; is.maintained, eveﬂtually the
aquifer will Become depleted.

The San Luis Valley in southern Colorado is a 1oca£ion where the
economy and livelihood of most of the. population is dependent on irriga-
ted agriculture. In the first part of the century, groundwater wﬁs used

- mainly to supplement existing sgrface water supplies as a source of
irrigatioﬁ water. Today farmers rely very heavily on these underground
water reserves as a major source of Irrigation water. What once was
‘thought to be an endless resource is becqming more and more precious.
With the high cost of pumping and difficulties in obtaining ﬁell_permits,
it is clearly evident that the economic 1ife of aquifer use is limitéd.
One of thelﬁest means 6f combating groundwater depletion is by
artificial recharge. Excess surface water is pumped or allowed to
percolate doﬁn to the existing groundwater. The success of artificial
recharge as a management technique depends highly on how well the system

is understood.




1.1l Purpeose

The overall purpose of the project was to demonstrate to local
water users in the San Luis Valley the feasibility of artificial recharge.
Several specific objectives were met, including:

1. The successful demonstration of artificial recharge in‘the San
Luis Valley.

_2. The collection.and analysis of data on the groundwater response to
artificial recharge.

3. The determination of who, where and when ;echarge benefits ocdﬁr.

4. Spécific suggestions concerning‘artificial recharge policies
consistent with the recharge facilities and water availability.

5. Evaluation of the benefits when the recharge operational pdlicies
are varied (this was performed ﬁsing numerical and analytipal
modeling techniques).

6. Development of a method to evaiuate the operation and benefits
of specific recharge policies and thus to select the best. opera+

tional policles for specific sites.

1.2 Scope

In order tq meet the ﬁirst three objectives of demonstrating artifi-
cial recharge, collecting and analyzing data and determining benefits and
beneficiaries, an-artificial rechérge basin was constfucted and opetated
in.the winter and early spring of 1982, Employees of the Trinchera Irriga-
tion Company and Rio Grande Water Conservancy District were directly in-
volved in the construction and operation of the recharge basin, thus

obtaining first hand experience in the practice of artificial recharge.

The response of the aquifer was documented by collection of water level




measurements from nearby wells. These data on aquifer response were
matched to both numerical and analytical mathematical models of artificial
recharge to determine the benefits and beneficiaries of artificial rechérge.

Mathematical models provide a means of suggesting operationai poii—
cies and determiniqg benefits of artificial recharge. Numerical methods,
lsuch as the finite element metﬁod, and analytical‘methods.exist which
can predict-the response of the aquifer to artifidial récharge. One of
the problems of these mathematical models is that it is difficult to’
transfer the results of the complex mathematical equations to the water
users. A microcomputer program was developed to transfer the knowledge
by graphically displaying the response of the aquifer to artificial
recharge. The model wa$ designed for use by both groundwater speclalists
‘ aﬁd noﬁ—techniqal water users. Specific operational policies‘for
different sites can be developed and the benefits of artificial recharée
can be visibly determined by using the program.

Analytical solutions ére appropriafe for this type éf'microcomputer
program because of fast execution time and easy data input. Several
analytical solutions to the artificial recharge problem have been
developed yet they have not been thoroughly compared and studied to
determineé the applicability of each solution. DBased on a review and
'comparison of analytical solutionms, Glover's analytical solution (1960)
was chosen to apalyze tﬁe daté obtained from the San Luils Valley and

for use in the microcomputer model.




CHAPTER II

SAN LULS VALLEY

The San Luis Valley in soﬁthucentral Colorado is an arid-plateau'-

‘surrounded by the San Juan and Sénge de Cristo mountain ranges
'(Fig. 1). With an abundance of water derived chiefly from snowmelt froﬁ
‘the nearby mountain rangés, irrigation has made the valley one of
Colorado's most productive agricultural regions. Although surface

water supplies most of the waﬁer needs, groundwater is very heavily
relied upon. Management of all water supplies is imperative for con-
tinued success of the region. |

.Sedimeﬁtary deposits have accumulated in the'valley since the
Holocene (Emerf et al, 1971) epoch, creating large confined and
unconfined aquifers. Since about the turn of the last century, ground
water haé been used extensively for agriculﬁuré, municipalities and
industries. Recently the State Engineer has determined that there is
littie unappropriated water remaining and permits for new'wellé are
extremely difficult to obtain.

Artificial recharge is a means of Waterrmanaggment which c0uld
conserve this impbrtant resoutrce., In'years of high runoff, excess water
could be stored in the aquifer by means of artificial recharge. Sur-
faqe water which is now lost to evapotranspiration could be put into
groundwater storage for future use.

_ A demenstration of artificial recharge was conducted in the San
Luis Valley to show its beneficial use_and to study the use of differ—

ent mathematical models which simulate artificial recharge, Measurements
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were taken to determine infiltration and aquifer response. Both
numerical and analytical models, both of which are useful management
tools, were calibrated to match the aquifer responée, The field'projecﬁ
and the mathematical models demonstrate the benefits of artificial

rechargE'aS-well as enable specific artificial recharge policieé to

be suggested.

2.1 Geology of the.San Luis Valley

The San.Luis Valley lies between two high mouﬁtain ranges, the
San Juan mountainslto thg west and Sangre de Cfisto mountains to the
east (Fig. 2).  The fangeé merge at Poncha Pass to form the north
boundary 6f the valley. TFrom Poncha Pass the valley extends south
110 miles to aboﬁt 15 miles past the New Mexico State line.

- The area of the valley is abqut 3200 wil

with an average altitude
of- 7700 ft. Receiving‘leéS'than 8 inches of precipitation annually,
the arid high plateau experiences hot summers and cold winters with

an average annual temperature of 42°F'(Eme£y et al, 1973).

After the uplifting which formed_the Sangre de Cristo and San Juan
ranges, a large depressiﬁn was left in between the two ranges. In the
late meiocine .or early pleiccene epoch, alluvial fans deposited seddi-

" ments characteristic of the Santa Fe formation. At tﬁe end of this
period of dgposition, lava flows covered muchh of the élluvium. During
the late pleiocene or early pleistocene, a fresh water lake occupied
much of the valley, leaving. the lacustrine deposits characteriStic of

the Alamosa formation. The lake has since receded, leaving the valley

in ité current state. These two formations, the Santa Fe and Alamqsa,
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have by far the greatest hydrogeologié significance to the valley
(Siebenthal, 1910).

In most of the valley, the Santa Fe formation rests on tbp of an
impervious crystalline‘material and is overlain by the Alamosa forma-
tion. Emery et al'fl9fl) reports that it‘ié difficult to distinguish
between the two formatiohs, excépt 1ocally.. At the surface, the
basaltic San Luis Hills stretching_from Fort Garland south, are typical
of the Santa Fe fqrmation.

The Santa Fe formation is composed of clay, silt, sand, gravel and
volcanic debris. The clay is described as pink, red, brown or blue and
is "firm or hard and blocky”. The clay layers are not'of great areal
extent, but are local lenticular formations., The sand is often
cemented by clays or calcarebus maferial. "The well rounded shape of the
sand and gravel indicates that they are alluvial deposits (Powgll,
1958).

Typicalfof the Alamosa formation are lenses of clay interstratified
with sands or unconsolidated gravel., These sediments were deposited-
by alluvial fans, feeding a fresh water lqke. Coarser sediments are
more common around the edge of ;he valley, wherecas finer lacustrine
deposits of clay and silt are more common in'the centgr of the valliey.
Recent deposits overlay the Alamosa formation and are difficult to
distinguish from it. |

Two major.aquifers, the confined and unconfined, compoéed of the
'Santa Fe and Alamosa formation are present in the valley. Confining
clay or lava layers form the boundéry betweeﬁ'the two aquifers. The
thickness of the formation_is up to 30,000 ft. (Fumery, 1972), giving

the aquifers the capacity to store vast amounts of water.




2.9 Hydrology of San Luis Valley

Surfacerinflow is the most important source of water, averéging
about 1,580,000 acre ft. per year (Emery, 1970). Precipitation con;
tributes about 1,220,000 acre ft. per year. About 867 of this water
is consumed by evapotranspifation, The reméining 14% leaves as ground-
water or surface flow, Emery et al (1975) estimated there is about 2
billion acre féet of ground water in storage. With the exception of the
closed bésin around San Luis lake, where the water is discharged b&
evapotranspiratidn, thé water is drained by the Rio Grande River.r

With mo;ntains at its-périmeter and alluvium full of porous sand
and gravel and confining léyeré of clay and lava, the valley is ideal
for‘a very producti&e confined aquifer. Much of the eérly'agricultural
devélopment of the valley was due to the existence of flowing artesian
wells with heads up to 55 ft. above the land éurface (Siebenthal, 1910).

Siebenthal (1910) states that '"the source of supply of the artesian
{confined) water in the San Luis Valley is unquestionably the mountain
streams_whigh flow down across the\allu?ial.slopes. The disappearance
of the mountain streams ... Is a matter of common observation." The
water is transmitted by slanting stratum where it ié confined by
‘increasingly thiéker layers of clay. In addition to recharge from
mountain snowmelt, recharge to the aquifer also comes from part of the
Rio Grande River, Percolating irrigatiqn water is an important source
of fecharge fbf both confined and unconfined aquifers. Precipitation,
which is on the average less than 8 inches annually, is not an important

source of recharge into the confined aquifer. Discharge from the confined
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aquifer comes from wells, springs and upward seepage. Emery at al (1973)

estimated about .6 to .8 ft. of upwards leakage per unit area into the
unconfined aquifer.

At the turn of the 20th century Iarge_séale'irrigation was made
possible by diversion af great amounts of water by canals. Many wells
tapping the confined aquifer‘aiso brought water to the surface. The
pe;colation of this irrigation added a substantial amount of water
7 resuiting in the exbanéion of the unconfined uquifgr. It was not until
the‘drought of the l930's‘that this ungonfined aquifer was put into
heavy production.

Récharge to the unconfined aquifer is mostly from irrigation water
leaking from canalslor percolating from fieids. Other sources of

recharge are from precipitation, percolation of water from flowing

wells and upﬁards seepage from the confined aquifer. Discharge from
‘the aquifer is from_strgams; eyapotranspirétion and from wells (Powell,
1958). |

In an extensiye'survey, Emery et al (1972) was able to give ranges
of the hydraulic properﬁies of the équifér in different regions of the
valley. For the entire San Luis Valléy area, the confined aquifer has
an average storage coefficient of about 0.008 and the range of trans-
missivitié; is from 200 to 200,000 ftZ/day. An average storage coeffi-
ciént for fhe uﬁconfiﬁed'aquifer is 0.2 and the range of trénsmissivity

is 130 to 33,000 square feet per day. ' For the confining layer which

separates the confined and unconfined aquifers, Emery et al (1975)

estimated a vertical hydraulic conductivity of .059 ft/day over most

. of the valley where clay is the confining léyer and .00059 where lava B

is the confining layer. These values represent average values for the

San Luis Valley and are not for the local recharge site.




11

2.3 Water Use in the San Luis Valléy'

Having an arid climate, irrigatea agriculture has been important
since the time the original Hispanic settlers placed the first irriga--
tion canal in Colorado neaf the town of San Luis. An important
historic evént to the deveiopment of thg valley was the discovery of
a flowing artesian well in 1887 by S.P. Heine (Siebenthal, 1910).
‘Afterlthat discovery, ground water use spread rapidly._In 1891 Carpgnter
(189f) estimated there were 2000 [lowing wells in the valley. Sieben-
thal (1910) counted 3,23&'f1§wing wells. Powell reported about,?SdO
flowing wells in 1946.. Fmery et al (1973) estimates 650 large capacit&
wells (>300 gpm) and abéut ?000 small.capacity wells tapping the confined
aquifer. Over 2,200 large capacity wells withdraw water ffom the un-
confined aquifer.

.In 1970 approximately 1,900 ;hodgand‘acre feet of wéter was used.
.in the San Luils Valley, Of this, 1,250 thousand acre feet was from
surface water diversion, 400 thouéana acre feet was withdrawn from the
unconfined aquifer and about 250 thousand acre-feet was withdrawn from
the confined aquifer (Emery, 1973). fThe use of water from. the confined

~aquifer was more or less conétant.ffom 1940 to 1970, but water use from

the unconfined aquifer varies inversely with stream flow,

Many water use problems have developed in the San TLuis Valley.  Use.
of surfacé water for irfigaﬁion haslcauséd water logging and high
consumptive uée iﬁ many areas. Some seoils have become alkali due to
large amounds of evapotranspiration. Since 1957 deliveriés of
water to New Mexlce and Texas have been deficient in accordance with
the Rio Grande impact (Emery, 1972). .Due to the lack.of unappropriated

water it is now very difficult to obfain permits. for drilling new wells.




CHAPTER III

FIELD DEMONSTRATION RECHARGE PROJECT

3.1 Location

The recharge site is located approximately 3 miles south-east of
"Forﬁ Garland in Costilla County (Fig. 1) on a Forbes-Rinchera Ranch
lot. The basin is néar.Gaccon'road, about 300 ft; west of Trinéﬁera‘
Canal and about 800 ft. south of the Sangre dé Cristo Trinchera
.Division (Fig. 3). |

Water obtained with permission from the Trinchera Irrigation
. Company was diverted from the Trinchera Canallinto the basin.‘ The
water leaks from Mountain Home Reservolir into Trinchera Creek and is
then diverted into the Trinchera Canal.

The project site was chosen to iéolate the response of the aquifer
from other aquifer streéses. Compared to other parts of the San Luls
Vélley, there is little irrigated agriculture nearby, so recharge of
irrigatién water is not a pfoblém. Some of the large irrigation pumps
.in the vicinity (Fig. 3) are in use during the irrigation season bﬁt
not in late fall, winter and early spring. Wells #2, 3 and 4 on
" Figure 3 are also available to measure aquifer response to'artificial
recharge. The geology is less complex in this area than other areas;
The surface materiai'is-saﬁdy aﬁd‘appeared to have very goodlinfiltra—

ting potential.
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Figure 3 - Artificial Recharge Demonstration Project Site.
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3.2 Site Geolony

Ay

 Well logs were obgained‘froﬁ ﬁells 1, 3 and.4 (TaBlé 1). These
logs indicate the clay, sand and gravel typical of the.Santa Fe and
Alamosa formations. At the ﬁime of study the depth to water was about
100 feet. In the region above 100 feet the logs show mostly sénd énd
gravel.with some ciay streaks, which‘should.allow rapid.deep pércolation.
There appears to be no definite confining layers in the first 180 feet-
from the surface. The geclogic logs indicate some thick clay-layers
but these clay layers do not appear to be extensive and.did not appear
tolimpede the vertical movement of recharge water. Emery (1972) indica-
tes all these wells tap the ﬁnconfined aquifer. The wells are over 500
feet deep'and possibly tap both uﬁconfined and confiﬁed aquifefs.

The saturated thickness is difficult to determine és a bottom

imperméable stratum cannot be distingﬁished on the geologic lbgs. It
was assumed that the saturated thickness of the aqﬁifer is about‘thé

depth of well penetration which is about 500 feet.

3.3 Project Operation

Tge reﬁharge basin was excavated in late féll 1981, to a size of
: about.200 feet by 140 feet. The depth of the recharge basin was about
1 to 2 feet. The excavated top soil was used as retaining‘dikeé of
about 1 to 3 feet in heigh% surrounding the recharge basin. An inlet:
channel was constructed to donvey wafer from the Trinchera canal to

the recharge basin (Figure 3). Near the site of diversion a cutthroat




sand

TABLE 1.  First 160 feet of well logs
'Depth ;
] T :
(1) Well 1 § WE11.3 Well 4
10 1
sand and éravei sand and gravel
o
20 |
- i
30 brown cléy sand and gravel
490 brown clay aﬁd sand
; ‘ sand and clay
i gravel and clay
50 P
60 sand and grével
70 % gravel and clay
80 gravel
i
90 :
100
sand and cl?y
110 .
120 o - |
; small gravel and gravel and clay
; sand streaks
130 '
i
140 brown clay ang saqd
S
150

small gravel and.

hard gravel




i6

flume was inétalled té measure inflow. Inflow into the Trin;hera canal
was controlled by a gate at Trinchera Creek, which allowed adjustment’
of the size of the pond in the recharge basin. The start of the
operation was delayed until early spting.

.The-recharge operation started Tebruary 24, 1982 and water was
recharged for a period of 49 days. A total volume of about 1,123,000
cubic féet of water was recharged during the operation. Périodic well
measurements were taken duyring and after the recharge period'to measure
the response of the aquifer. dn April 14, 1982, well.number 1 began’
pumping for irrigation water and the project came to a close.

At the beginning of the dperatioh, a large amount of sediment was
carried into the basin. The silting of the basin caused a reduction of
the infiltration rate, so the level of water in the Easin ﬁad to be
checked frequently. Daily operation of the recharge basin was handled
by personnel of the Trinchera Irrigation District, allowing the local

personnel in the San Luis Valley to gain experience in artificial

recharge,

3.4 Aquifer Response to Recharge

Well elevations and_recharge basin elévations were obtaiﬂed by
survey. In this report, all elévatioﬁé were taken with respeét to a
local reference point.

Wells 2, 3 and 4 (Figure 3) were used as observation wells to
measure the response of the aquifer. Measurements stafted in March
1982 and continued throughout the entire project. The initial conditions
were those measurements taken the day of startup. After 41 days well 2

showed a rise of .43 ft., well 3 a rise of .62 ft. and well 4 a rise
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of .61 ft. Well measurements were made by personnel of the Rio Grande

Conservancy DPistrict.

3.5 Infiltration Rate

To obtain the infiltration rate a mass balance given by: inflow
+ precipitatioﬁ~evaporation = infiltration, was performed. This mass
balance assumes steady state éonditions where the depth of the pond
stays constant. This steadnytate approximation is good except duving

small times such as the turn on and shut off of inflow water.

3.5.1 Inflow

Inflow was measured by a cutthroat fluqe placed near the site of
diversion. The flume was 5 feet in length with a 4 inch throat. The
flow depth, measured‘immediateiy befote the throat, was measured by a
float in the stilling basin. A Steven's type F water stage recorder
was used with a 32 day clock to record the depth of flow.

The flow rating was determined by the relationship (Skogerboe

et al, 1973).

Q= 1.265 b ' W
where
Q = discharge (cfs)
and
ha = flow depth (ft}.

From the chart paper, flow depths were averéged-over eight hour periods.
The inflow hydrograph is given on Figure &. The total volume of
Inflow ﬁas 1,151,000 cubic feet of water. Precipitation during the

recharge period was small, resulting in a total volume of 1160 cubic
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feet of water. Any daily precipitation recorded In the nearby Lown of

Blanca was_added to the inflow.

¥

INFLOW HYDROGRARH

ITMFLOW
LLF5] -
1 P~

-

.. l
2 : 58
TIME [BAYS]
Flgure 4 - InfloW'Hydrograph
3.5.2 Evaporation

To estimate eﬁapqration, a nomograph from Linsley, Kohler and
Paulbus (1975) was used. Mean daily temperature, dewpoint temperature,
wind velocity and net solar radiation age the necessary paranmneters to
caléulate evaporation,

The nomograph relies heavily on mean daily Eemperatufe whiéh was
~accurately measured. Mean daily temperatures were obtained from the
nearby town of Blanca. The mean dewpoint temperature was estimated

to be 0°C. Net radiation was estimated at 700 Langley's which is
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slighly greater than the cleﬁr day solér_radiat;;n for the period o%
recharge. 1Tt was observed that there was a great deal of. wind dufing

the project operation, so.a wind speed of 140 miles per day was used

(which is én extremely large value for average daily wiﬁd Speed).

The calculated values .for evaporation are givenuin Table 2.

TABLE 2 - LLvaporation Feom Recharge Baslio

Average Evapdration Evaporation
Period ggmperature j (in/day) (ft/day)
2/24 - 2/28 33.3 0.22 0.018
3/t - 3/15 32.5 - 0.22 0.018
3/16 - 3/31 35.0 . 0.23 0.019
&1 - 4/14 40.0 0.27 : 0.022
Assumptions

Dew Point Temp. = Q°F

Wind Velocity

140 mi/day

Solar Radiation 700 lLanley's/day

An evaporation pan was operated during the second half of April..This
alléwed a comparison between evaporation estimated from the nomograph to
fhat‘measured by the evaporatién pan. The pan evéporation'for the
sécond hélf of April was 3.83 inches or an averagé rate of .225 iqches

per day. The caléulated evaporation using all the assumptions for
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dewpoint, solar radiation ;nd wind movement was 6.40 iunches or an average
rate‘of +376 inches pef da%.
The total calculated évnporation from the recharge basin was

«8,720 cubic feet, which i3 only 2.5 percent of the inflow. The calcu-

lated evaporation using the nomograph most likely overestimated the

actual evaporation but-bec%use évapbration was very small compared to
inflow, any errofs introdu%ed were negligible.
3.5.3 Calculated infilt+ation rate

The-infiltration rateiin feet per day_wés calcuiated by dividing
the net infiltration volum% by the area over whichlthe water was‘sprenq.
The average infiltration.r;te over the recharpe period was ahout 1.04
fe. per-day. During the f%rst 25 days of recharge, the water was
maintained in a 200' x 100? area and the average recharge rate was
1.82 ft. per day. For the?lasf 24 days, whén water spread outside of

the basin due to collapse bf the dike, the average infiltration rate was

.22 feet per day. The 1owéinfiltration rate for the last 24 days

reflects a doubling of-are? over which water was spread.

3.6 Aquifer TransmissiVKty.and Specific Yield

Emery (1972) conducteh séecific capacity tests‘in the region and
resﬁorted a range of transpissivities between‘3000 and 17,000 ftzlday
around the area of the rebﬁarge site. Data was available from the
geologic logs of wells neaﬁ the recharge site to estimate transmissivity
by the specific capacity ﬁethod.

Neglecting well losse%, the equation for specific capacity using

the logarithmic approximaﬂion for the well function is (Todd, 1980)
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Q- 4nT

Y (2.30) 1n(2.25 Tt/rwzs) @
where
s, = draﬁdowﬁ at the well
and
rw = radlus of the well.

Following the work of Emery,rthe storage coefficient in equatioﬁ (2)
was set at d.Z.

The geologic logs Eor_Qells 1, 2, 4, 5 and 6 had specific capacity
information to obtain transmissivity of the aquifer by equation (2}.
In all cases,'the drawdown, discharge and fadius of the well wére given,
The logs did not contain the duration of thé spehific capacity tegts.
The time was guessed to be 24 hours. Time does not affect tﬂe calcula-
tion of transmissivity by equation (2)much, because time is contained in
tﬁe logarithmic term. [Ertroneous diséharge and drawdown have a much .
greater effect on the calculated transmissivity.. Table 2 summarizes
the resulﬁs of transmissivities for these wells,

To stgdy the sensitivity of the method, a storage coefficient of
.1 changes the value of transmissivity near well 5 and 6 from 5760 to
6130'ft2/day. A storage of +2 but a time of 1/2 day changgs‘the
transmissivity'to‘5380 ftZ/day. From these.specific capacity tests it
can be concluded that the transmissivity is on the‘order of 7500 ft2/day.
Perltiaps the best estimaﬁé of transmissivity was obtaifed from calibra—

ting the artificial recharge models to the actual field data.
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TABLE 3 - Transmissivity obtained from specific capacity tests.
Q ry, T
Wwell (efs)  (ft) (in) (Ft2/day)
1 S 3.00 14 10 7550
1% | 1.41 32.6 8. 3380
2 ©3.68 30 10~ 10940
4 6.6 59%% 10 9330
5 2.7 38 9 5760
6 2.7 18 9 5760

*records of a pump test supplied by Trinchera Ranch.

**egtimated drawdown.




CHAPTER IV

MODELING THE PROJECT OPERATTION

By accdunting for the movement of artificially recharged water,
méthematical models aid in determining-the operational_policiés;and
benefits of artificial recharge. The models have the advantage that
they can transfer the results of the demonstration artificial féchnrge
to other sets of hydroLogic and operational conditions. For example,

the models can be used to predict aquifer response to varyihg recharge
rates,.varying recharge times or changes in aquifer uharactérisfics.
The'fiéld problem also provides a practical example of the application
of mathematical models to predict mound geometry. Warner's finite
element flow model‘(i981) and Glover's solution for a rectangular basin
(1960) were both used. | |

The analytical’quel (Glover's) was used in calibration beéause
it is fast and Qasy'to'usg. The numerical model (Warner's):was used
in calibrations because a boundary was present and the operafion
did not have a constant recharée rate and basin size 6ver time. These
conditions are too hydrolochally complex for the simplifying assump-

tions of Glover. AfLer the models were calibrated, they were perturbed

to sugpgest operational policies.

4.1 Analytical Model

To use the analytical model, several simplifying assumptions were
made. The aquifer was assumed to be homogeneoua, isotxopic,; infinite

in areal extent with an initial horizontal water table. 1In actuality,.
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the aquifer has layers of interbedded sand, gravel and clay and |is not

homogeneous in a vertical cross section (Table 1). Areally, the

aquifer 1s composed of sand and gravel with some clay streaks wilth no

apparent large inhomogeneities. No data are available to take into

account areal inhomogeneities and the use of constant areal trans-

missivity in the model is thought to be wvalid. The‘aquifer has a largé

saturated depth at the project site, so the iinearizing assumptipn of

constant transmissivity in time is thought to be valid.

There is no f{low boundary which at its closest point 1s about

1500 feet away from the recharge site. The boundary is far enough away

that it should not affect the shape of the recharge mound.

The slope of the water table at the recharge site was>very small

and an initial horizontal water table was used in beth analytical and

numerical models,

4.2 Numerical Model -

The grid system (Figure 5) used by the finite element model

constructed to include the no-flow boundary. The location of th

was

¥

2 No—

flow boundary is approximately at the base of the hills (Figure 3).-

fhe reﬁaining bounddries are no=llow but are placed at large mﬁu
distances away fromlthe project site that they will not greatly
affect flow due to recharge.

The assumbtions Qf-homoggneous, isotropic aquifer with an i
horizontal water table were alsp‘used in the finite element mode
During calibration, the variable recharge rate and area of sprea

were taken into account.

i h

vitially
L.

ding
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TFigure 5 - Finite element grid of area of artificial recharge.
Shaded area represents basin.




4i3 Calibration of |the
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To calibrate the |mode

model was compared with th

In both models, the sthrag

deviations in the storﬁte
obtained by the model.| Tr
calculations gave a hegt f
time between the first-dny

response was taken intd ac

count on all calibration runs.

Models

#ls, the aquifer response calculated by the

€ aquifer response measured in the field.

e coeflicient was set at 0.2. Only large

coefficient will greatly affect results

lansmissivity was varied until the model

it to the measured field valucs. The lag

of infiltration and the [irst day of aquifer

4.3.1 Calibration of the’analytical model

Using the analytiqal

and 15,000 ftz/day similate the field results fairly well. A cénstant

recharge fate of 1.82 ﬁt/d

solution, transmissivities between 10,000

and the change in the tech
recharge area was set 4t 1

the basin (Figure 3). | The

in Table 4,

ay was used for the entire recharge period
ATAC area was not taken into account. The
80" by 200" covering the western portion of

2 caleulated and actual T1old data are shown
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and teasured Mound Rise with T = 10,000,
Time Well Ménsurud Calculated .Helght
No. Height Analytical Numerical
(days) (£t (Ft) (ft)
T . |
22 4 ¢.49 0.57 0.56
22 3 f.&S 0.39 0.35
22 2 .20 .0.33 0.30
5 d.61 0.95 0.71
41 .3 | 0.62 0.72 0.63
41 2 4.43 0.72 0.55
i -
4.3.2 Calibration ofgthe finite_element médel

hodc

o

charge rate was set at li82

The finite element

rate and change in ares

For the next 24 days theirec

: i
over an area twice as large,

towards well 2 (Figures ? an,

|
heights compare very weLi.

the maximum difference bétwe

0.12 ft. As a calibratio$ pa

the specific capacity te%ts

. |
i
in the simulation runs. |

harge rate was set ar 0.22 (t/da

Using a transmissivity of 10,000

1 took into account the change 1
he basin. For the first 25 daysg

ft/day spreading over a 100" by

the extra 100' by 200" "avea spr
d 4), The calculated and measuy
en observed and calculated Trespo
rameter 10,000 ftz/day agrees w

and was the homogeneous transmis:

n recharge
the re-

200" area.

¥ spreading

eading

red mound
ftZ/day,

nse was about
ell with

sivity used
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A Simulation of Artificial Récharge

The calibrated moqels were used to prediet the aquifer fesponse to

a differenf_Sequence of reéharge events. One of the best policies would
be to operate the'rechérge Basin as much as possible when fhe water 1s
not needed for irrigation. During the coldest wintef months it is
aséumed Ehét recharge wbuld not be possible because the water would
freeze. The hypothetical recharge operation considered onthe model was
té reéharge from October to December, shut the operation‘down in January
-to February, then bggin recharging again in March and April. . The periods
of recharge are highly'waéther dependent so the cycle would never be
exactly like this. Hqﬁever, this hypothetical example will|allow the
benefits of a sustained recharge operation to be studied.
The entire e#istiﬁg 200" by 140' basin was used with a'constan;
recharge rate of 1.8 feet per dday. Trom the actual rechaxge operation,
this appears to be the maximum rate the soil will allow over a long time
period. The water table was assumed to be ipnitially horizontal and the
natural_and artific;al,(i.e.'pumping) water table fluctuations were

neglected. The obtained results may be superimposed on these fluctuations.

Figure 6 gives the results using Glover's solution for the first five

months.

The results obtained by the finite element solution for the recharge
operation from October to March are shown in Figure 7. hkse values
were obtained alohg the center line of the basin parallel éo'the‘length

(200 ft) axis. The results are slightly higher than those obtained with




29

o | GR
B BASIN _SUR

pHATER ITARLE L L0 j )l ) 4 gt a1 b1 1} TN I B 1P
SLY AT 38 TO 152 BY 3@ DAYS

Figure 6 - Aquifer response to 5 months of artificial recharpe

calculated from the analytical model.
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Figure 7 - Aquifer responde to 7 months of artificial recharge
calculated from the finite element model. The first 3

. months are the|solid line, the next 4 months are the dotted

line.




the analy;ical solufion probably due to the presence of the impermeable
boundary. ]

.Hydrographs of wells 2, B_Qnd 4 caiculated from the finite element
model are sﬁown in Figﬁre 8. ﬁThe‘Qﬁter levels in each of the-wells

rose approximately 2 feet.

MOUND WELL HYDROGRAPHS
HEIGHT . -
CFT3

Z. 4 o o AWELLM

BUWELLI
WELLZ

: 1 o [ . !

38 BB 8@ 128 158 1R Z19
TIME (DAYS] -

B - CALCULATED POINTS

Figure 8 - Well bydrographs fdr 7 months of arti[igial recharpe,

Another simulation runiwas ﬁade with the analyﬁical model with a
constant recharge rate of 1.8é‘f%et per day assuming a sustained seven
months recharge operaticn. The %ise at the center was about 3.5 feet
which was not significantlyigreéter than' the center mound height showm

in Figure 6. Due to high transﬂissivities‘the'water table does not rise
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a great deal in response to -recharge. However, the water does spread

rapidly to enhance aquifer storage at large distance from the recharge

basin.

4.5 Benefits of Recharge in the San Luis Valley

A tangible benefit of artificial recharge is the reduced cost of
pumping due to raising water table. TFor a fadius of more than 1006
feet around the recharge baéin the water was raised approgimutely two
feet. ~In this case, the higﬁ transmissivity is ideal because all the
large capacity wells (wells 1 to 6, Figure 3) near the recharge basin
would benefit from the raised water table.

If the same recharge operation were performed in another ldcation
where the transmissivities are lower the mound bgild up near the basin
would .be much gfeater. Figure 9 shows the mound buildup when the
transmissivity is 1000 ftZ/day compared to the simulation run where the
transmissivity was 10,000 ftz/day. In an area of low transmigsivicy,
placing a recharge basin'nearlan existing well woﬁld_greatlyireduce
_pumping lift.

Raising the water table 2 feet a year is substantial over a long
time period.. This long raﬁgé benefit of artificial recharge is less
tangible than reducing pumping lifts but is more important. Heavy
defendence on the aquifer will eventually cause serious aquifer deplef
tion. Over the long rum, the benefits of a resource‘cannof be continually

_enjoyed unleés ﬁhey are replenished. Adding one or two feet of water to
the aquifer‘may ﬁot seem éignificant but if excess surface waters are
.efficiently recharge at many sifes, this yearly addition to the aquifer

can become very significant..
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Figure .9 - 3-months aquifer respomse to T = 1000 (solid line) and

T = l0,000-(dotted line}).

4.6 Qperational Sugges%ions

A successful recha%ge opefation_demands more than spreading water
over a permeable surfacé. Continual maintenance and support by local
water.usérs is necessarf to obtain all the potential benefits of arti- .
ficlal recharge. Ftom‘the experience of this demonstration projecthqme
‘operatieonal policies ar; suggested.

Incoming Sediments?gfeatly reduce the recharge rate. In the San
Luis Valley there are t&o significaﬁt sources of sediment, the inflowing
_ Wéter and the_Wind. Tol prevent sediments from inflowing water to spread
over the'entire basin, the depth of the basin should be dug deeper near
the entrance to the basin._ This deeper area wili cause most sediments
to settle in one isdlatéd area; There is not much that‘can be economically

done to retard incoming sediments carried by the wind.
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. Over time, the botitom of the basin will become silted; reducing thé
recharge rate. Thg water level in‘the pond must be continually checked
and the inflow rate adjusted when necessary, to prevent overflowing.
During periods when the|recharge basin is not in use, the bottom should
be scraped and roughened to. increase the potential recharge rate.l

The basin should bg made as level as possible. If it is not le?el;
wafer should enter at the high point of the basin to ensure that thé
basin gets filled. .The basin’should be dug to a depth of about two or
three feet. The retaining dikes should not be heavily relied upon to
hold the water so the depth of water should hot be allowed to rise

far above the surrounding ground surface.




CHAPTER V

CONCLUSTONS

An.artificial rechérge.basin was successfully operated in spring of
1982. The recharge basin construction, operation and maintenance was-done
in cooperation with thé Tfinchera Irrigation Company gilving them first
hand experience in artificial recharge.

Data was collectedépfior to, during and after the recharge opefation.
‘All the wells within a éOO foot radius from the basin showed a half foot
rise in water level duejto artificial recharge.

Numericél and anai&tical modeling calibrated on the aquifer response
were uéed to prediét aq@ifef response to a different set of conditions.
The models showéd‘that @ound build up was not large due to high trans-
missivity. The recharging'watér_spreadlrapidly increasing stqrége in a
large area surrounding the basin. |

Thé models were uséd to vary operational-policies_consistent with

recharge facilities and%water avaiiability. The models showed that if
‘water is recharged.duriﬁg the non~irrigation season.excepting those
months when wéter would;freeze, one_footrof water would beladded to
aquifer storage for a r%dius of at least 1000 feet from the recharge
basin. This one foot'm;y not seem.significant but if the praétice is
continued year'aftet ye%r,.aquifer depletion will bé retarded and more
water will he in storagé fér drought years,

Artificial_rechargé benefits all water users ih the area surrounding

the recharge basin by a@ding water to storage. The long term benefits

of artificial recharge ﬁill'be the greatest because of retardation of
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aﬁuifer deplétibn. Watér recharged during years of high surface runoff
is kept'in‘storage for érought years.
A microcomputer moaél was develoﬁed.(Appendices A and B) as a means
of evaluating the opera%ion and benefits of specific recharge policies.
The microcﬁmputer modelgcan be used’to dispiay aqulfer response to local

water users.
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APPENDIX A
COMPARISON OF MATHEMATICAL DESCRIPTIONS OF ARTIFICIAL RECHARGE

FROM BASINS

A.1 General Description of Artificial Recharge [rom Basins

Although thefe are many means of artificial recharge, only re-
charge from two-dimensional basins is described here. To operate the
. basin, water is spread over a large surface area and allowed to in-
filtrate. The water percolates downward until it is refracted by the
water table, resulting in the growth and spreading of a recharge mound

(Fig. A.1).
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'Figure A.1  Definition sketch of artificial recharge from basins.
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The vertical movement of percolating water depends on the initial
water content of the geologic profile, the vertical hydraulic conduct-
ivity of the geologic medium and air entrapped beneath the wetting front.

Only movement of water in ithe saturated zone will be mathematically

described, but it is important to understand how the movement through
‘the unsaturated zone affects the validity of the saturated models. Tn
field situations it is difficult to determine the time of travel from
the ground surface to the water tabln. Water may pass through different
geologic stratﬁm with-varying hydraulic. properties which might impede

. vertical flow and cause spreading.'Air beneath the advancingjwetting
front moves laterally, causing a rounded shape of the wetting front

" (Bianchi and Haskell, 1966). Even though the recharge rate at the sur-
face may be constant in time, iﬁ may take some time after the wetting
front reaches the water table before a constant recharge rate is obtained.
For descriptions of artificial recharge which include the unsaturéfed
zone see Freeze (1971), Késhkuli (1981) and Ortiz (1977).

The shapg of the mound depends upon the recharge rate, the size of
the basin and the hydraulic‘charécteristics of the soil. A greater
ease of lateral movement (transmissivity) will allow ater to spread
rapidly, thus impeding the vertical growth of phe mound. If the
porosity and storage capabilities of the soil are high, the wvertical
growth and spreading of the mound will be slowed down.

The shape of the mound is imporfant for many reasons. The increased
height of the water table at the location of a well will decrease
pumping lifts. Seasonal fiuctuations of the water table influenced by
artificial recharge can be studied. If a stream is in the vicinity,

it may be important to know how much recharging water is discharged into
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the stream. To aveld drainagé problems,-the water table should not come
too close to the land surface. For these reasons the design of a basin
- and recharge rate are influenced by the mound geometry.

Solutions have been developed to describe artificial recharge.
These solutions use differént boundary conditions, basin shapes and
linearization techniques. First the derivatipn of partial differential
equations used to formulate the solutions is outlined.

’

A.2 The Differential Equation Describing Groundwater Flow

Thére are many approaches to solve the problem of the recharge
ﬁéund geometry. Theée approaches use different linearizing assumptions
and different boundary conditioms. To test the validity and'shoﬁ ;he
limitations of the solﬁtions for aritifical recharge mound geometry,
the assumptions and equations used must be clarly stated. Aithough
the derivation of partial.differential equations fof groundwatef flow
are well documented (for example: McWhorter and Sunada, 1977, Todd, 1980;
Bear, 1979) it is useful to_outline.these,derivations aﬁd state thé

assumptions used.

Analytical solutions for artificial recharge consider an uncoufined
aquifer in which the pressure of the free surface is atmospheric. The
first two assumptions made are that the aquifer is isotropic and has an
impermeable bottom.

The Dupuit Forchheimer.assumptions offer a means to express dis-
charge in an unconfined aquifer. These assumptions state that if the
slope of the water table is small,thé pfessure hegd'diétribution in a
cross section is hydrostatic and the flow is horizental in a cross
sectioﬁ (McWhorter; Sunadé, 1977). This aiiows flow iﬁ two dimenéions

to be considered.
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The Darcy velocity is given by

W d
il

- KVh , (4.1)

where

Ll g
]

Darcy velocity (L/T)
K = hydraulic conductivity (L/T)
h = gg + z,.the'piezometric head (Lj
P = pressure (M/T)
p = density of water (M/L3)
g = gravitational acceleration (LZ/T)

z = elevation above a datum (L)

and

K = K(x,y)
h = h{x,y)
> -

- (L1e29)
The flow per unit width of aquifer, Q, is then'given by

Q = - KVh. ‘ ' ' (A, 2)

In an unconfined aquifer there are three storage mechanisms: water
compression, aquifer expansion and filling of the pores. Filling bf
pore spaces is far more important than the other two mechanisms for
increasing the.volume of an aquifer. Apparent specific yield, S_,is
used to describe the storagelproperties of an unconfined aquifer, where
Syis defineq as the volume of water released per unit area per unit

decline in head, or

AV
.Sy == —[—\—Kh . (A-S)

where

<3
3

volume (L3)

area (Lz)

> .
!
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From the definitlon of specific yieid, the volume change in storage is

(A.6)

s};sxay)ah = S)(chSy)* [h(e+st) - h(e)] A7)

The continuity equation now can be written as

[CUMERCE

Specific yield, Sy, is replaced by an equivalent term, S, the storage

‘) Sy + wl = Sy (6x8y) [h(t+6t)ﬂh(t)] (A.8)
"ly=0 : :

coefficlent. Using Darcy's law to substitute for Qx and  , dividing

both sides by Sxbyot, and letting éx, 6y, 8t * 0, the equation becomes

3_( dh 9 ( Ell) ; - o b
—\kh 5 * 3y Kh oo + WA =8 | (A.9)

which is the non-linear equation for a non-homogeneous isotropic aquifer.
Numerical methods, such as finite difference and finite element methods

can be used to solve this equation.

If. the aquifer is homogeneous (K = constank), the equation

is written

2 5h R _ S 3h '
Bx( ) ( ) X K ot (A.10)

where

R = recharge rate (L3/T .
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The derivatlon of the partial differential equations will follow:
. a volume balance approach assuming that the compressibility of water
can be neglected (Bear, 1979); Consider a volﬁme‘element with horizontal
area 6xéy (Fig.A.2). The ﬁoluhe balance éan be stated as the volume
iﬁflow minus the.volume outflow is equél to the negative of the time
rate of change of storage within tﬁe element. In the case‘of recharge,

the vertical accretion is an important source of inflow.

h/v=8t_2 !

h/120 .-

Figure A .2. - Volume Element

‘Using a Taylor's series expansion neglecting higher order Lerms.

3
+ (-d- Q
3
Xt =0 X K|

% Q

)m | (B.4)
0]

x=0x

1

o .
Q Q +(?Q
y‘yzéy y'y=0 vy

y=0

Outflow minus inflow during time 8t becomes
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. which is the_ﬁonnlinear Boussinesq. equation. Because of the non~
linearity the equation is difficult to solve by analytical methods,

so linearizing assumptions are made.

To linearize the equation, an average saturated depth, E} needs

to be defined. Using this constant, b, and the definition of trans-

missivity,
T =k (A.11)
where
T = transmissivity (L2/T)
equation (2.10) can be written as
NI P | h12)
K dy : .

This form of the differential equation for g;oundwater flow is used
to:obtain all the analytical solutions except Baumann's._

It is important to know which equation to use fof a given field
.problem. A comparison of each solution was made to give suggestions
on their use. Each solution is stated. Becduse computers are needed
- in analyses of these eduations, the numerical methods used to evaluate
each solution is described. To coﬁbéfe solutions, numerical values
were given to each parameter to test the sehsitivity of each solution

to the parameters (Table A.l).
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TABLE A.l Data for Trial.Runs

Recharge Rate ‘ = ' 1.0 ft/day

Hydraulic Conductivity = 160.0 ftz/day‘ : F

]

Initial Saturated Depth 120, 50, 200, 100 ft

‘Storage Coefficient = .20

Time | = - stated in examples
Basin Width = 200 ft.

‘Basin Leﬁgth : = 200 ft

Equivalent Radius = 112.8 ft

A. 3 Egpmann's Solution for a Circular Basin

To obtain a solution, Baumann (1952) assumes the mound developes
from a constant volume rate of recharge, w, from a eircular basin
of radius a. To.describe the.mound two zones are defined: zone I,
which is the horizontal area from the center of the basin extending
to the radius, and zone II, which extends from the edge of the basin
to a distance D, where the mound height, H, is zero (Fig. A..l). The
mpuﬁd growth is transient with distance D changing with time.

Baumann is unique in tﬁat he does not start with the governing
partial différential equation but uses another strategy for obtaining
separate solutions for zones I and II. He first defines a flow

function Q* which can be used to describe flow in zones I and II.
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A.3.1 Baumann's Flow Function

The flow function which Baumann defines meets four conditions
to describe the flow of groundwater due to artificial recharge. The
first condition is that the volume rate of flow leaving zone 1 is equal
to the volume rate of flow entering zone IL. The next three copditions
describe the flow as it reaches the rédius of influence, D. The radius
of influence acts like aﬁ impermeable boundary across which no flow
crosses. At the radius of influence there is no slope to the water
table.  The floﬁ app;oaéhes zero as it approaches the radius of influence.

These conditions are expressed mathematically as

1) Qx =w at r=.a ' S . (A.13)
2) Q* =0 at r=D | (A.14)
3) difdr = 0 at r =D ; (A.lSi
4y Q¥ — Q0 at r = D. . (4.16)

Baumann's flow function which meets these conditions has an exponential

form

Q= wl[l- exg(r) (;:i) exp(-r/L)]. (A.17)

A.3.2 Solution for Zone 1L
The flow function, ¢¥, is equated to the flow obtained by Darcy'é

law to obtain a differential equation for zone II.

QF = = 2mr (H+b) K%% | (A.18)

for

a< r< D.

The solution of this differential equation yields the mound height

for any distance 1 in zone 1I.
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2 R a 1
H=-1b + - 2 {ln & - i
b (b K {1n 5 -

[(x + D - a) exp 963 - 2D + r]})% (A.19)
A.3.3 Solution for Zone I
Underneath zone I, Baumann assumes that the volume rate of flow
of recharging water entering é circular area of radius r, is equal to
" the volume rate of flow leaving the same circular .area of radius r.
The volume rate of flow.leaving the circulqr area.of radius a can also
be found by Darcy's law. The differential equation describing this
volume flux is written

2 . .
2 Wrt ~di :
Rar© = az 2nr (H + b) K e . (A.20)

for

0<r < a.

Solution of the différential equation yields the expression for mound

height in zone I.

2 0k
Wr
]

H=-b+ [(H+4)2 -
© 21rKa2

(A, 21)

where -

HO = mound height at r = 0,

The central mound height is still unknown but can be found by
equating the expression for mound heights in zone I and zone II at
the edge of the recharge basin (r = a). Algebraic rearrangement gives

the solution for center mound height from equations (A.20) and (A.21).

' 1
2w a D-a DA
= - - Pl R -+ - T
H b+(b 1TK'{ln(D)[D-exp(‘ 5 ) 2 D+a] 2}) ‘AL 22)
D-a
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A.3.4 Time Dependence of Baumann's Solution

Nowhere in the solutions for mound height does any reference to
time appear and Baumann gives no clear means of finding the distance to
the radius of influence. The solution-ié commonly mistaken to repre-
sent a steady state solution. He does give an expression for volume
underneath the recharge mound which was used to relate the distance
to the radius of influence to a time, t. ;

The volume of water stored by the recharpge mound is eqﬁul to the
vdlume rate of recharge multiplied by time.

3 5.2 2,13
Sw {'DZ 8D D"a - Da“ + 5 a

Kb

D° . 2 2

V=wt =
¥ 4 D~a

(A.23)

- EXP[(EZZ)/D] (303 + 20%a) + % a® [1n(a/D) —-% ]}

Dividing through by the volume rate of rechérge, w, gives an expression
for the'time at which a.given radius of influence is reached. The
equation is still not in a useful form. A means of obtaining the
radius of influence corresponding to a given time is needed.

Equation (A.23) is highly non~linéar in D and a solution relafing
D to t cannot be found, so a trial and error technique was used in ﬁhis
study. Newton's method (Campbell and Dierker, 19?9) is used to solve
for D given t, because it is easy to implement on a qomputer and leads

to quick convergence. The general form of Newton's method is
= -— bl Pl . 'All 2
Dotr 7 Pn T FT(DY | (&..24)

where n is the iteration step. Using equation (A.23) to-obtain £ (D),

differentiating f(D) and substituting these into equation (A.24) pgives
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o o2 80> - 2p%; - pa? + 1a° - exp(-D—'—i‘) GDB + 21)2;)
b =p-ls |0, 2 2 D/ _ _
n+l Kb 4 (D—a) D""a
2
a a 1 .
+2 (ln(D)—zjl-t“:'
A (A.25)
; [D 160> - 26.5 D%a + 5Da’ + % a3
212 4
Kb | 2 .

exp (D d) 2 .2 2 az_ .
(6D ~4aD” - 5a"D - 2a7) - D
D—a) _
A first guess of D as well as the given time,ti, must be supplied to the
right hand side of the gquation to calculate Dn+l° Dn+l is then
substituted for D in the right hand side of the equation. The process
is repeated qntil the calculated Dn+l_matches D. As a éuggestion, an.
initial.guess of D = 10a causes fast coavergence.

The entire mound profile at any time can now be found. b is first
found for the spécified time by equation (A.25). The central mound
height H, is next found by equation (A.22).j Ho is substituted into
equation (A.21) to find thg solution for mound height in zone I.
Equation (A.19) gives the mound height in zone II. -Example'mougd

profiles are'given in Tig. A.3 with the data.giveh in Table A, with

b = 50 ft. The plot was done on an Apple II computer with points

calculated on the Cyber 720 from the appropriate equations.
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Figure A.3 - Baumann's Solution Spreading with Time.

Af3.5 Discussion of Baumann's Method

The validity of Baumann's method may be questioned because his
solutions are not obtained from the governing partial differential
equations. The conditions he uses to describe flow under zone I are
nof accurate. Condition 1 (equation A.13 and equatibn A, 20) states
that the volume entering an area of radius, r,.equal the volume
leaving this same area. This implies there is no change in storage
under zone I. Certainly, the buildup of the mound underneath the
recharge basin is due to water kept in storage.

Baumann useé a radius of influence which acts as an imﬁermeable
boundary and spreads in time. This assumption, that the recharge
mound spreads With time, may be more appfopriate than assuming that

there is an instantanecus response over the entire aquifer.
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The flow function that Baumann defines may seem arbitrary but was
foﬁnd to do a good job in describing the groundwater response to artifi-
éial rechargé. ?The equations that Baumann uses are all algebraic
requiring no sufmations. The itera;ive procedure to find D must be

performed once per time step. Baumann's solution thus has the ad-

vantage of being easy to program.

A.4 Glover's Solutions for Circular and Rectangular Basins

Glover (1960) was the first to obtain solutions for artificial
recharge using the governing diffefential equations for groundwater
flow. He presents an instantaneous solution for fhé case of recharge
from a circular basin, and a éontinuous sdlution for the case of a
rectangular basin. Glover's instantaneous solution for a circular

basin was extended to the more useful case of continuous recharge.

A.4,1 Linearizing Technique Used by Glover.

Glover assumes that the initial saturated thickness, b, represents
an average saturated thickness at any time during the aquifer response
to‘;echarge. This approximation is good if the actual saturated thick-—
ness, h, at any given time is approximately equal to b, or that the
mound rise, H, is small compared to b. The transmissivity says constant.

in time and space and is written

T(x,y,t) = Kb L (A.26)
This technique is widely used and has led to many important solutions

to groundwater problems.
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A.4.2 Glover's Approacﬁ.to Solviﬁg the Governing Differential_
Equation for Groundwater Flow
To obtain solutions for artificial recharge, Glover superimposes

line sources, injecﬁing water into the initial saturated thickness of
the aquifer over the area of the recharge basin. The volume of water
iﬁjected is equal to the volume of water recharged. With this technique
of introducing scurces, the wvertical accretion is equal to Q. Glover's
solution is in terﬁs of mound height, H, so equation (A.lﬁ) must be

rearranged. Let

h=H+b : _ ' (A.27)

and

Q
It

T/S. | S (1. 28)

Substituting these into equation (A.12), accounting for 2 in the boun-

dary conditions, the differential equation
__.“2_4_"#..__ = = g (A 29)

is obtained. Glover does not start from this point to obtain solutions,

rather he presents solutions which satisfy this equation.

_A.4.3 Instantaneous Solution for a Circular Basin

. The linearized Brussinesq equation in radial coordinates analogous

to equation (4,29) is (Glover, (1960)

HY 9H : ‘
MY A,
: )75 | (A. 30)

Q>
=
i
[o7]




By superimposing line sinks to simulate a slug injection of a cylinder
of water of height C, Glover presents a solution describing the mound
spreading due to an instantaneous injection of water. The initial

conditions are

1

H(r,0) = C 0O<r<a (A, 31)

H

H(r,0) = 0 r > a. ‘ (A.32)

where C ié the height.of the cylinder of water cqual to the volume of
the water recharged divided by the area of the basin divided by the
storage coefficiént. This can be viewed as placing a cylinder of water
with cross sectional area equal to the recharge basin aréa, over the
aquifer and releasing it at timé zero.

The boundary condition is that at an infinite distance from the

basgsin center there is no mound rise, or
H{=,t) = 0 ' . (4.33)

A solution satisfying the differential equation (A.30) and initial

and boundary conditions is

. 1j Ny ré
H=2¢C (2&!) 3 £ exp . ( dat ) I0 2ot d.& (A.34)

where

I

o the modified Beésel function of the first kind and order zero

and

[(pad
]

dummy variable of integration.
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A.4.3.1 Superposition of the instantaneous solution
Slug injection of recharge water is not very practical, but the

principle of superposition in time (McWhorter and Sunada, 1977) can be

used to obtain more useful solutions. The total volume of recharge

water can be divided up into a number of slugs to be injected at
specified time intervals. If many injections are used, the solution
will approximate continuous recharge. To superimpose, let

c

5 height of one cylinder of slug injected water

13

t.

i the time of the instantaneous injection.

The superposition of n slug injections can be expressed as
n. a 2 2 : .
1 ) . T+ £ rf )
H= & C{gr f £ exp -(—-_~—_-f—-.->1 <7———7_—-)d E . (A.35)
j=1 J(Zot(t tj) 2 \da(t tj) o\ Za(t tj‘)

A.4.3.2  Computer implementation of the instﬁntnneous solution

Equation (A.BA) is in integral form and must be transformed intb
an equation of summation form whiclh can be numerically gvaluated.
Gaussian quadrature is a numerical integration tecimique which can-be
used to evaluate the integral. The integral must be transformed so that

the range of integration varies between -1 and 1. To perform the trans-—

formation, let

's-—-—z&-‘l. ' ' | (A .36)
Then |

=@+ 3 @43
and |

de =-°;— dB. _ R ‘ O (A.38)
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Substitution of. equations (A.37) and (A.38) into equation {A.34), and
changing the limits of integration, yields
1 2

2 N EERCCOVE D
i d’_g&-g —fl (B+1) exp ot _ . o 4ot

2

d8. (A.39)

where £ = dummy variable of integratiom.

The integral is evaluated by Gaussian quadrature (Appendix G-1).

el om ' A DS )2 (A1) 5
H=>— I (A+ 1 I | it AL
8ot i=1 ( 1 1) exp bot 0 hate wi (A 60)
where
Ai = Gaussian quadrature abscissus

wi = Gaussién quadrature weight factors
and
m = number of quadrature péints.

To simulate.continuoué recharge, it is best to divide the recharge
period into equal intervals and inject a slug of water at the beginning.
of each tiﬁe interval..The height, C, of all the slug cylinders is found
by dividing the total volume of recharged water (Rt) by the number of

time intervals and the storage coefficient. Let

RE

Cj = o : (.A A1)
ot
t, = L"—i“— . (& .42)

Substituting for Cj and tj-in equation (A.33) and using Gaussian

quadrature to evaluate the integral yields
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' ' 2, a 2

P R GO | r (A +1) exp” | - O )
"5 s L Tero F1) exp .

Sn  8a j=1 {t tj) jo1  * Au(t tj)

(A.43)

r(A +1l)a .

T |t 1. w.
o 4a(t—tj) i

The Bessel function is evaluated by a polynomial approximation

{(Appendix cj4).

A-4.4 Continuous Solution

Integra;idn of the instantaneous solution for a circular basin
over time {equation (A.é&)) fields a continuous solution. The con-
tinuous solution involves two integrals but is stillreasily evaluated
on a computer. |

For a constant rate of recharge, R, C is given by

c =f 5 dr | - (A-44)

Substitution for- C, and integration equation (A.34) with respect to
time yields
t a 2

2
. . _ T : .
H = Egg' I '% I £ exp bat i Io[lléj d?dr. (A.45)

2ot
o] [0}

which is the continuous solution for recharge from a circular basin.
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Av4.4.1 Solution at the basin center

At the basin center, r = 0 and IO(O) = 0, FEquation (A.45) reduces

to

ot a '
H=—R—~fif5 ”Hgid'd | A. 46
o 208 4 TO exp hoT £dt, : _ (A.46)

where H0 = mound height at the basin center,

" To integrate the inner integral, let

e - '
wos | AT
Then .
1 I -
dE = 7 (bot)? dy | - (8.48)

With this transformation (eq. A.47 and A.48) equation (A.46) becomes
a

' R bat _
CH= g f J e ¥ Gu. (A, 49)

o} (o]

which upon integration is

o .
R f N a2 . A
H =3 ) (L - exp ( ZE?))dT N (A.50)
Let
a2
= et A
U= T | - (A.51)
then
dt = __a__izu_ ' . (A.52)
4on ' .

Rt a e .
= b - 8 , . A,
H 3 1 i J 5 du (A,53)

where
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2
a

. - : A . ’
Yo T %t (&.54)
Integration by parts and rearrangement yvields

Rt . -u 0 eﬁu . ’
. h0 = E* (1l -e o + Uo j -—G— du ) : | (A.55)

u
0

The remaining integral is thé weli function'(McWhorter and Sunada,
1977).

_This solution is exactly the same as the solution that Glover
presents (1960). It is a very useful solution in that it can be easily
solved by hand and requires no numerical infegration because the well
function can be found by polynomial approximations (Abramowitz and

Stegun, 1972) or found in a table.

A.4,4,.2 Computer implementation oi the continuocus solution for a
circular basin.
The integral over time in equation (A.45) is also numerically
integrated by Gauséian quadrature. Again the range of the integral

must be from -1 to 1, so let
A:-EW-—]_ . (A'S())

then

dt = % da. . (A.57)

‘With this transformation and with the transformation of the integral

over space (eq; A.40) equation (A.45) becomes

1

2
: 2 a .
H = R a2 j -iF +((8+l)2F] r(B+l)a
léas 21

1
2 g
O+t _{' (BrDexp ot oD | Y| Zacarely | 4R (A.58)
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The equation can now be written in summation form, integrating by

Gaussian quadrature with n points.

2 m m , rz + ((A,+1) E‘)z
= R a L L (A, +1) exp— X Z
fost j=1 (Aj+i) i1 i Zat(Aj + 1)
: (A.59)
r(A,+1)a
I 1 Wl W

K 4ut(Aj+l) S

The continuous solution requires far less computer time than
superposition of instantaneous slug injections. In one instance it
took 250 instantaneous slug injections for the solution to converge
to the central mound height given by the continucus solution. This
required about 25 times the computer time required by the coptinuous
solution. For this reason the continuous solution was used in the

comparison of solutions.

A 4.5 Glover's Continﬁous Solution for a Rectangular Basin
Glovetr's solution for a rectangular basin satisfies equation
(A.29),the initial condition
M, ¥, 0) = 0 ) (A.60)
and boundary conditions

H(e, vy, t} =0 : (A.61)

It

H(x, =, t) = 0. ' | i (A.62)
These conditions state that the initial water table is horizontal and

that the mound height at an infinite distance from the basin center

is zero at any time. The solution is



t .
u 2 u -2
R - L
Ho= o f L fz e d;> /L {'4 e " du) dr (A.63)
o \/n m :
Y Usg
where (x - %’) (x + % )
Y T d Uy T 7Td
L L
Ll=(y 2) =(y+2.)
3 d ’ Yy d
and
d = Yha(t - 1) .

From the definition. of the error function (Appendix C-3) the

solution can be written
t

4= 7S ! (erf u, - erf ul) {erf u, - erfl u3) dr. (A.ﬁg)

A-4.5.1 Computer implementation of Glover's solutién for a rectangular
basin.

Glover originally suggested that equation (A.64) be evaluated by
Simpson's rule. It was found that Gaussian quadrature gives much
better results than does Simpson's rule. Simpson's rule is presented
as Well as Gaussian quédrature to compare the differént means of
evaluation.

To use Simpson's rule, let

(4.65)

et}

With this transformation equation (4.64) becomes
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- erf u3) dg (A, 66)

1
_B_t_f — .
H= i ) .(erf_u2 erf_ul) {erf u,

with d = Y4at(l - E).

In Simpson's rule, when £ = l,‘the denominator in. each of the u
terms goes to zero. When x = %—or y = g, thé case arises when both
ﬁumerator and denominator are zero. This leads to erroneous evaluation,
especially near the edge of the basin..lFér example, consider points
laying on the line y = 0, with x coordinate 199.5 and 200.5 with
time = 30 days, b = 200, and other parameter values given in Table A, 1.
The height at x = 199.5 ls 5.3 £t. and at x = 200.5 is 7.9 fe.,
indicating that Ehere is a discontinuity near the boundary.

To numerically integrate by Gaussian quadrature, equation (A.64)

must be transformed to obtain the proper form. Let

S .
YT . o o (A.67)
then l
T = (w t ‘ | -
= (w 1) 5 ‘ . (A.68)
and
dr = £
T=5 dw. | (A.69)

Changing the limits of integration, equation (A.64) is transformed to

1
Rt I '
8 , (exf u, = erf UL) (erf u, - erf u3) dw {A.70)

H =
with

d = V2ot (1l - )

This is evaluated by Gaussian quatrature with n points as

-
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il

_Re T ‘
H = iil (erf u, = erf ul) (erf u, - erf u3) wi (A.71)
where
= : _ .
d = Y20t (l Ai)

Figure A.4 gives a comparison of results obtained by Simpson's
rule and Gaussian quadrature using b = 200 and the data from Table A.1.
Gaussian quadrature gives a much smoother solution. At large times

using Simpson's rule may lead to large errors.

. GROLND
BRASIN. . =LIRFACE
- zZB- —RAAIN. _

18 e,

. r o
- «/’/,‘:i . b\\m -
s oot ) T

...|A“n)".v‘ ' . H"“““‘"ﬂ.-.- :
WATER _TARLE a | L
GAUSS AT 3@ TO 29 BY 3@ oAYES
SIMPSON AT 38 TO HR BY 38 bAYS

Figure A4 - Simpson's rule (dotted line) and Gaussian quadrature

(solid line) for integrating Glover's solution.

A.4.5.2 Superposition of Glover's solution in time

The principle of superposition in time (McWhorter and Sunada, 1977)
- can be used to obtain solﬁtions with variable recharge rates. Tor
example,,cdnsider'recharge of a constant rate R occurring for a period

t' then shutting off. To obtain a mound profile at times greater than
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t', the mound héights obtained for a period of t - t' are subtracted

from mound heights résulting from time period t (equation B.1). Figure
AL5 gives an example of mound profiles at 30 and 60 days, with time of_
shutt off at 30 days (with b = 260 ft. and data from Table A.1l). At

60 dayé, the mound heights near the center of the basin are too low.
When the product of transmissivity and time is large, résulting:in small
arguments in the error function, eqﬁation(A.7l) gives results which are
less than the true solution. Preliminarf studies show thﬁt Haﬁtush's

me thod (l§6?) for evaluating equation (A.é&) does not introduce large

errors at large times and transmissivities.

ERASIH po | kst

P
Ed

1R | ' -

‘mWill‘lll

MOUND AT
Jd BB
RPAYSE

Figure A.5 - Mound profile at 30 and 60 days using Gaussian quadrature
to evaluate Glover's solution for rectangular basins

(eq. A.70).




A.S Hantush's Solution for Circular and Rectangular- Basins

Hantush (1967) presents solutions for recharge of a continuous
raté from both circular and recténgular basins. The governing differ~
ential_equation for groundwater flow (eq; A.10) was rearranged and
solved by means of LaPlace transforms. Hantush uses a different
linearization Eechnique than Glover which was found to give better
results than qufer's linearizing technique when the mound rise is
. large compared to thé initial saturated depth. Tt was shown that
Hantush's solution for‘a rectangulér basin is identidical to Glover's
solution and that Hantush's linearization can be applied to Glover's
solutions.

A.5.1 Hantush‘s Approach: Rearrangement of the Governing Partial
Differential Equatién for Groundwater Flow.
To rearrange the non—lineaf'Bbusinesq equation (éq} A.lO);'

Hantush dintreoduces a new variable, Z. Let

Z = h“ - b“. , ’ (A.72)

Noting that

g 1
P (hBh/Bx) =5 T3 7 | (A.73)

substitution of equation (A.72) into equation (A.10) yields

2 2 |

af 2% o s oz b7
2 VT2 YC T ae A

X ay

The equation'is still non-linear, so a linearization.procedure must

‘be applied.
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. A.5.2 Hantush's Linearization Technique.
To linearize; Hantush lets

h=% =-% (h(t) + b), | | (A.75)

' where.h(t) is the calcuiated saturated thickness at the time and place
of dinterest. This technique averages the initial safurated«depth and
‘thé saturated depth ;t the time of interest to give a constant average
transmissivity tT.= KE) at each point. Because h(t) is not known,

a pfiori, an iterative,teéhnique must be usedlto obtalu numerical

results from the equation.

A.5.3 Hantush's Solution for a Circular Basin

In radial coordinates'eqﬁation {A.74) is written

2
LA

ar

o~
s34
[

|

=
Qr >
N
o]
o

(5.76)

[
=3
&t

e
=1

The initial condition assumes a horizontal water table at t = 0, or
Z(r,0) = 0. . ' (A.77)

The boundary conditions are that the slope of the water table at the
basin center is 0, and the mound heights at infinite distances away

from the center -are 0, or

3Z(0,t)/3r = 0 o (A.78)
and |
Z(=,t) = 0. ’ (A.79)

The solution is
2

7 = ZR I (L - exp(~ gb)) : - ‘
2k b 5 ,Jl(B) JO,CE B) dB : (A 80)

B
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where
2
u = a—«—u—
o Lot
« = Kb/s=1/8

and JO and Jl are the zerd and first ordered Bessel functions of the

first kind.

A .5.3.1 Center basin mound height.

Under the basin center Hantush presents the solution

. 2 > -Uu .
2 _ .2 Ra . : (1 - e o) A
b - b x W(u ) + %“o ) . (A, 81)
where
ho = gaturated thickgess at the basin center

W(uo) = well function of u.

This can be shown to be identical to Glover's solution for mound height
at the center of a circular basin. Z is factored out to obtain '
2

= ...2-.: . - By = _. .
Z = ho b (ho + b) (ho b) 2bH {A.82)

Dividing both sides of equation (A.82) by 2b yields
-u_ - _ ‘
Ra2 . (1L - e “0) . .
HO = e W(uo) + - . (A.83)
4bK Yo
Multiplying and dividiﬁg the right. hand side of equation {(A.84) for

S/t and rearranging noting that u, = aZS/AEKt vields

H, =83 (1 - e‘“c&uo W(uo)} | ' (A.84)

which is exactly the same as Glover's solution (eq. A.55),
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A.5.3.2 Approximate solutions to recharge from a circular basin.
Hantush also presents approximate solutions for mound heipht.
These .solutions provide a much easier means of numerical evdluation

requiring less computer time but are subject to restrictions.

2 : : .
Let u = r"/4at., For W< .05, the mound height at any point under

the basin can be'approximated by

2 :
R a r .2 -u 1 -1
= e—— W - - A 4 = - Lo I
Z = 7K {j (UO) ( a ) e o N (L - ¢ o)} (A . 83)

Q

for r < a.

Gutside of the basin, for u > 0.5 the approximate solution is

2
7 = Rzi {W(u) +0.5u e “} | ' (A 86)

for r > a.

Neither approximate solution requires numerical evaluatiocn.

‘A5.3.3 Computer imélementation of Héntush's solution for a circular
basin.
The improper integral in eq.‘(A.BO) is evaluated by LaGuerre
Integration (Appendix C-2); Abramowitz and Stegun, 1972). In n steps,

using LaGuerre integration, eq. A.80) takes the summation form of

n Ai' A%
sy i,
7 = 2R 5 Wi e = (L - exp (- —=—J (A.'Y J CE'A,') (A. 87)
a2K i;l( A ,)2 u 171 o 'a 1
i

where

Ai' = abscissas of LaGuerre integration
and-

W,' = weights of LaGuerre integration.
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The Bessel functions are evaluated by polynomial approximations
‘(Appendices C=5 and C-=6). - -

The saturated depth, h, is contained in 7 and u, thus h appears
on both sides of the equationi An iterative approéch must be used to
solve the gquation. A first guess of hi = b goes into the right hand
side of equation from which h is calculated. If H << b, then this
first guess will give a very close solution for h. On the next iterdtion
the calculated h is substituted for hi on the right hand side of the

equation. The process is repeated until h = hi' A flow chart helps

illutrate thié procedure.

Eﬁ
(b + h{)/2

find h

no yes

h, =h . 63"““‘<\\\;Ti~/h ~ 1|< .001 ?\\\\\“~—~E> H=h-b
1 i e .
| P .

Figure A.6 - Iterative technique used with Hantush's linearization.




For problems where h >> b, it takes 3 or 4 iterations to converge

on a solution near the center of the basin and 2 iteratiomns to converge

at greater distances.

A.5.4 Hantush's Solution for a Rec;angulaf Basin

Héntush solves the rearfanged governing equation for groundwater’
flow (éq. A.74) along with his suggested linearization technique (eq,
A.75) by the method of LaPlace transforms to thain a solution for a

rectangular basin, The solution subject to the initial condition
Z(x,y,0) =0 : (A.88)

and boundary conditions

Z(0,y,t)/ = = 2Z(x,0,t)dy = 0 (4.89)
Z( sYit)/ X; = aZ(x,m,t)By = ()
ig
5 [ 3+ 3= 3ty 3"
Z = — [- erf -+ erf 'lerf + erf dt (A.90)
O
where .
d = Vot
and
o = K b/ s

The solution is strikingly similar to Glover's solution (eq. A.64) and
can be shown to be exactly the same. The only difference'between
Hantush's and Glover's solution for a rectangular basin 18 the linear-

ization technique used,.
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A.5.4.1 Equivalence of Hantush's and Glover's solution far recténgﬁlar
basin.
- To show fhe equivalence of Hantush's and Glover's solution for
rectanéular basin, the relationship of Z = 2 E‘ﬁ Lrom eq, (A.82) is
used. The erfunctions can also be rearranged by the fact thét erf (-x)

= - erf(x) (Abramowitz and Stegun, 1972). With these two relationships,

eq._(A.gl) becomes

' . W i W
R Jt x5 x"% Y+ 2
= = £ - - ' - f -+ ] dr, (A.
H 58 gr 3 erf q erf i erf 3 T, (A.92)
o .
Now the only differenée with equation (A.92), and Clover's solution

{eq. (A.64) is the denominator, d, in the error Zunctions. Let

t=t -1, i (A.93)
then
d = Yia(t - 1') (A.94)

and the variable of integration in.equation (A.92) is changed té .
.This shows rhat Hantush}s-and Glover's soluti;n for rectangular basins
ate identical. |

Because Hantush's solution is identical to Glover's solution for
rectangular basins, Hantush's liﬁearization procedure can he applied
to Glover's solution. To modify Glover's_solution {eq. A.64),'simply

replace o = T/S with o = Kb/$ where b is given by equation (A.75).

A.5.4.2 Computer implementation of Hantush's solution for a rectangular
basin.
The method presented to evaluate the integral in Glover's solution

(eq. A.64) is also used with Hantush's equation (see eq. A.67 through
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A.71). As in the case of Hantush's solution for a circular basin, an

iterative approach must be followed and is presented in the flowchart

in Figure A.5.

A.6 Rao and 3arma's Solution for a Rectangular Basin

Using the same linearization technique as Hantush,‘Rao and Sarma
(1981) present a solution to the recharge problem subject to finite
boundary conditions. Although the solution they present looks easy to
evaluate, It was found that excessive computer time is required té

obtain accurate resultsg.

A.6.1 Solution

Instead of requiring the mound rise to be zero at_infinite'distances

away from the mound, Dac and Sarma impose an impe;meable rectangular

boundary afound.the basin. The rectangular boundary is of length 2M
and with 2B, with the respective boundaries parailel to the x and vy
axes and symmetric around the basin. Because of these impermeable
boundaries, ﬁhe slope of the water table at the boundaries is 0 which
leads to tﬁe béundary'condition

37

— = ?,E = (A
A% M, y, t) dy (%, B, t) 0 . . _ +95)

The initilal condition requires a horizontal water table at time = 0, or
“2(x, y, 0) = 0.  (A.96)

Subject to these boundary and initial conditions equation {(A.74) is

soived to yield
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oL ora%? [ ‘;[_1_ 1
K ﬂ4 m=1 n=1 o m2M2 -+ nsz

2

(; ~ exp (: Eﬁg_ﬁf [(m2M2 + n232)t/(M232)i5> {A97)

Although it may be difficult to match these symmetric boundary
conditions to field situations, if M and B are large enough, an
infinite aquifer can be simulated. Values M = 50- L and B = 50 W are

suggested by Rao and Sarma and are used .throughout this paper.

A,6.2 Computer implementation of Lao and Sarma'sg Solﬁtion

To evaiuate the infinite series, convergence criteria must be‘ﬁade.
The.summation is made to stop when the'incremented value is a-small
perﬁentage of the existing sum. A flow chart illustrates the procedure.
- Let SUM equal the summation value, ¥ equal the value to Be added onto

SUM and conv. equal a convergence factor.



74

Calculate
X

Increment

'
m or n ‘ [SUM"< s -

T\ J
|< N
SUM = SyUM' l A - - | > cony. ? 1o = end

Figure A.7 - Convergence Criteria for Rao and Sarma's Solution.

x

Table A.2 illustrates the convergence with saturated depth equal

to 2000, time equal 30 days, and values from Table .A.1.

TABLE A.2 - Convergence of .Sarma and Rao's Solution

Conv. ' Mound Height (ft)
.i ' 1.87
.01 o 5.50
.005 6.33
001 ' ' 7.19
.00065 7.29

. 00001 ' 7.35
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Convergence of the infinite series is slow because the numerator as well
as the denominator increases with increasing m and n. A convergence
factor of .00l is used in the rest of this paper as a trade off between

accuracy and computer time requirements.

A.7 Hunt's Solution for a Circular Basin

Hunt (1971) argues that the vertical vﬁlocitics near the [ree
surface of a reéharge mound .cannot be neglected, thus the Dupuit
Forchheimer assumption cannot bé used. He solves the LaPlace equation
in radial coordinate for the case of recharge from a circular basin

subject to a linearized boundary condition for the free surface.

A.7.1 Hunt's Solution

Hunt uses the differential equation for a confined aquifer (fbr
the derivation, see Mthorter and Sunada,1977, or Bear,1980); Because
specific storage which describeé storage in terms of expansion of
water or contraction of the aquifer skeleton-is negligible in an
unconfined aquifer, ﬁhe term for specific storage is set to zero. The
govéfning differential equation for groundwater flow is derived without

the Dupuit Forchheimer assumptions and is the La Place equation

8%

Brz

—
a2
—_
—

+
e
Qzr
Y

It

<o

(A.98)

The nonlinearity and transient characteristics of artificial recharge
appear in the boundary conditions.

One boundary condition is at the free surface. Let
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..

(A 99)

At the free surface, the pressure is atmospheric (P = 0), so

$(r, n, t) = -

Kz

(A.100)

where n is the z coordinate at the free surfacex Differentiating

equation (A.100) with respect to time gives

d¢  dr ag dz
P — + R N + 3 b
dr dt (Bz' K‘> dt

3
ot

The velocities dx/dt and dz/dt can be written

Equation (A.101) becomes

)
- 9¢ R W -
(aT) * (ﬁ* “9(‘3‘2 * R)

which is the_non-lineér.free surface boundary condition.

TS
ot

Hunt first defines dimensionless variables

¢
k = Lo
b Ka
z‘k:E

a

' R
* = =

R K

r*

L%

n#*

He assumes solutions for ¢% oF the form

¢* = ¢l* R* + ¢2*(R*)2 BN .

1L

w |

Kt
Sa

et

(AL lol )

(A, 102)

(A.103)

(-104)

Te linearize,

b*:

|

(A.105)
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As a linearizing approximation only the first order term; ¢l*'R* is
kept. After substituting the dimensionless forms into the non-linear
free surface boundary condition (eq. A.104) and neglecting any higher

order terms the boundary condition becomes linearized.

ﬁ*—+5% DGR bR, B9 =1 ek < 1 - 106
=0 dexo] o
The LaPlace equation in radial coordinates in dimensionless form is
expressed |
3%%* w LA g _ (A‘107)
r dr . )

Jr
The remainring boundary conditions are that the base of the aquifer is

impermeable and that the initial water surface is horizontal ot

96 %(r*, 0, t¥)

dz*

=0 | (A-108)
b ¥ (e, 2%, 0) =0 . | - ' (4.109)

" The solution te this boundary valued problem is

dy (A.110)

7 J, ) Jl(ﬁr) (1* exp (~yt* tanh (yb%)
z® :
R* I Y
. o]

where y is the dummy variable of integration.

tanh (yb)

For an infinitely deep aquifer (b* » «) the solution is

[s+]

- [ I, (re%) 3 ()

R* [1- é#P (=yey] dy. - - (A 111)

Y

‘Equdti@n (A.111) is used in the method of evaluation suggested by Hunt

where the improper integral is transformed to a finite integral.

n/b* Jo(Yﬁ5 Jl(Y)

= - (= = *, b A (112
R* (R"‘)b*+°° i > R .G(Y:t ’ b¥*) dy )
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where

l-exp{-yt*) tanh (yb* . '
Glry ek, b = Cxp(tli;)mtil;h e R R (A-113)

and

‘ L
A< 4(2—’5) (coth(n) - 1) €A 114)

where

n = an arbitfary'number large enough to keep A small.

A.7.2 Computer Implementation of Hunt's Solution

.Becéuse the Bessel functions uséd in equation (A.110) chanpge signs
with different arguments, the integral is difficult'to.evaluate. Hunt's
suggested method of breaking the equafion into a finity integral plus
the solution as the saturated depth goes to infinite is used (eq.(A.112).

First, n must be found to.keep the errof iy in'equation (A 112)

sﬁall. An ervor of A < .01 keeps erfor less than .1% of the calculated
mounﬁ height in the trials used. n is first chosen as 3 and equation
(A.llA)_used to the maximumn calculate A. If A is greater than .0l, n is
incfemented and 4 reéalculated until the error becomes‘sufficiently
small.

| The integral in equation (A.lIZ)_is'transférmed to be evaluated by

Gaussian quadrature. Let

- %}b; 1 | (A.115)

and

' — A,
w + 1) Tk (A.116)

w
L]

Equation (A.112) becomes
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A i‘ , '
zx_ (éf) = L Jo(Br“) Jl(B)

R “\RY) . 2b%

3 G(B,t*,b¥*) dw + 4 (A.117)
-1 ‘

The semi-infinite integral in equation (A.111) is evaluated by -

LaGuerre integration (Appendix C-2). In summation form the dimensionless

" solution is

Z*  n ? JO(Br*)Jl(B) l-exp (- B8t*) tanh(Rb%*)

R* 2b* j=1 B : tanh (Bb*)

-~ 1 + exp(ft*). Wi + _ (A.118)

J (A, ¥ J AN :
o : [1 - exp(-A,'t®)] *W.' + 4
1 Aj ] ]

[ e B =1

3

The Bessel functions are evaluated by polynomial appfoximations
(Appendices C-5 and C-~6). A is neglected and the mound height is found

by dntroducing the dimensioned variables.

H= . Tl B (A.119)

Even with the modifications suggested by Hunt the evaluation of
the solution at great distances away from the center of the basin is
difficult. Figure 4-8 shows the mound profile obtained by using ten
integration steps. At distance far away from the reéharge basin edge
the solution oscillates'due to the difficult integration of the Bessei

functions.
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Figure A.8 - Hunt's Solution (solid line) and Glover's Solution

(b = 200 ft., t = 30 days).

_A.8 TFinite Element Program

>

In the comparison of vérious solutions of the artificial recharge
problem, a finite element program was used as a numerical solution.
The results obfained from this method are considered an accurate
representation of an actual field situation. The results provide a base
line for comparing the analytical solutions.

The program, written and programmed by Dr. James Warner at Colorado

State University, uses the Galerkin finite element techbnigque with
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triangular elements an& linear shape function to simulate two-dimensional -
groundwater flow (Warner, 1981). In its most general'form, the method
solves the non-linear Boussinesq equation for a non~homogeneous,

isotropic medium (eq. A.9). The boundary conditions are finite and

can be placed where desired by.the user. The initial conditions do

not require a horizontal water table at the initial time,

As 1pnitial conditions all of the analytiéal solﬁtions require
‘a horizontal water table at the beginning time. Each analytical solu-
tion, except for lac and Sarma's, uses an aquifer of infinite areal
extent. To simulate these conditions in the finite element method, an
equal initial value of head is'given to al the.nodes. The infinitg
.boundary conditions are simulated by moving the aguifer boundaries
far enough away that they do not influence ;he solution.

Because most of the inﬁerest is in the area of recharge, the grid
for the recharge site uses many elements in this zone (Fig. 4.9). The
elements further away from this zone become 1arge; and larger. Because
of symmetry, only one fourth of the problem is modelled. The boundaries

starting at the edge of the basip are path lines where no flow crosses.
A total of 460 elements and 268 nodes are usgd; l '

To get a solution at a desired time, the solution is updated at

several intermediate time steps., The firs; time step in iaput into the
" model by the user, always keptnat'lOOO seconds for the resulits obtained

in this paper. The time is incremented by

Cbl = £ . tn - : (A.120)

where
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The shaded

Figure A.9 - Finite Element Grid for Comparing Solutions.

area represents the recharge basin.

L
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tn+1 = time at next time step
tn = time at present time step
f = multiplication factor (= 1.5)

until tn+1'is greater than or equal to the desired time.

To simulate the non-linear flow problem of an unconfined aquifer,
transmissivity mgst chahge with time. After a value for head is
calculated at a time step for a node, it is used in updating the

transmissivity at that node for the next rime step by

Tn+l = ¥(b + (hn - b)) (A.121)
where
Tn+l = tran5m1851y1ty at the next time step
b = initial saturated thickness
hn = head at present time step

1f many time steps are used, this approximation should be good in
updating transmissivty.

For a confined aquifer, the transmissivity is constant in time and
given by T = Kb. This is the same.as the linearization procedure uséd
by Glover. In the foilowing cpmpariSOns, the solution for unconfined

aquifers was used.

A.9 Comparison of Solutions

To give‘é good comparison of solutions, the accuracy and computer
time of each solution were studied. A program, written in Fortran V'
containing all analytical solutions was used as well as the finite
‘element program. First an optimal number of integration steps was

determined. WNext, the computer time requirement of each seolution
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technique was compared. The soiutions for square and circular basins
were contrasted. To check'the linearization assumptions; the initial
saturated depth was varied. The solutions were then compared to field
data collected by Bianchi and Haskell (1975).

| To actually determine the "best™ solution, considerable amounts

of experimental data are needed wﬁiéh are nolt available. Even ‘though
an ideal solution cannot be determined, some conclusions can be reached

on the applicability. of the various solutions.

A.9.1 Determination of fntegration Steps

Most éf the.equatiéns use& requiré numericél integration; The
optimal number of integration steps is difficult to determine analyti-.
cally andlmay changé for different problems. What is desired is a
number of steps'which will give reliable results for all problems.

A trial and error proqedure was used to try and determine this
number. For G&stian quadraturé 5, 75, 10 and 20.point quatrature were
tried. For LaGuerre quadrature 5 and 10 steps were used. .Thé data
from Table 2.1 Qas used with time equal 30 days keeping all inputs

-constant except for the initial saturated depth (B).

The mound height at the center of the baéin is most sensitive to
thé number of Integration steps. The values for center mound heights
-at 30 days with varying integration steps a%e shown in Table A.3.

Both Glover and Hantush give closed form solutions for mound height
at the center of the basin using the well function (eq. A.55 and ALBL).
These results, as well as results from the finite‘element model, should

help in determining the number of integration steps.
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"TABLE A.3 - Solutions Obtained with Differing Integration Steps.

Mound Height at Basin Center (t = 30 days)

integration

: . eq.(2.55) finite
_ steps 5 7 10 20 or element
b(ft) _ eq. (2.81)
Glover's ‘ (con~
Rectangular N eq. (2.53) fined)
20 43.42 . 43.32 42.91 L 42,94 42,22 39.81
50 22.62 23.04 22.60 22.80 22.94 21.16
200 6.78 .7.39 7. 80 7.91 7.91 7.40
1000 L.43 1.61 1.79 2.05 2.09 1.71
Glover's ' :
\ eq.(2.53) (con-
Circular | fined)
20 43.80 43.32 43,22  43.26 T4h2.22 19,81
50 22.78 23.21 23.04 22.90 22.94 21.16
200 6.80 7.42 7. 84 7.94 7.90 7.41
1000 1.43 1.61 1.79 2.05 2.09 1.7
Hantusch's - , (uncon—
Rectangular €q. (2.80) fined)
20 29.72 29.76 29.56 © 29,55 29.70 . 27.85
50 19.61 20,10 20.07 19.95 20.06 18.72
200 6.67 _ 7.27 " 7.68 7.79 7.79 7.29
1000 : 1.43 1.61 1.79 2.04 2.09 1.71
Hantusch's 3 '
Clrcular eq. (2.80) (u?con“
_ fined)
20 28.73 29.74 29.70 - 27.85
50 20.30 19,71 20.06 18.72
200 .. .33 7.79 7.79 7.29
1000 2.21 2.44 2.09 -1.71
Hunt .
20 . 62.48 53.44 44,61  46.38
50 25.25 23.69 24,33 24,29
200 12.84 12.02 12.82 12.82

1000 11.20 11.12 8.65 10.43
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For the smaller‘values of initial saturated depth the results'are
very close, independent of integration steps.  For larger initial |
saturated depth the values increase with increasing integration steps.
The closed form solution of Glover and Hantush suggest that 10 or 20
sSteps is best in_this'case.

Hunt's_solﬁtion and Hantush's solution for ecircular basins require
_LaGuerte integration. It appears that 10 steps are necessary té make

the integration more stable.

In the following comparisons 10 intepration steps were used in

all cases.’

A.9.2 COmeter Time Requirements

To calculate the average length of computer time reqdired for the
calculation of one .peint, a subroutine provided by thé Cyber 720 was
used. After all the inputs and preliminary calculations are completed,
the timer starts.  Upon cémpletion of calculation of points the timer
stops, giving the time required to calculate the points. It .was
attempted to code each solution techriique in an equally efficient manner
into Fortran.

The time comparison was made with the déta from Table A.1l, using
30 days and a'saturated'depth of'ZOO ft. Eleven points were calﬁulated
at this time step for each solution'gechnique except for Rao and Sarma's
where one point was calculated. An average time per point was deter—
minéd and normalized by dividing through by the fastest solution

{(Table A.4).
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TABLE A.4 - Computer Time Requirements on the Cyber 720. .

Glover Glover Hantush Hantush Hunt Rao and

Bagman Circ. Reet. Rect.  Cirec. ‘ Sarwa
Time per
Point (sec) .006 ..0506 .0155 .0289  .0255  .0293 8.662
Normalized 1 8.43 2,58  4.82 4.25 4.88  .1437.0

These values may change with different data inputs due to varying
nqmbers of iterations or preliminéry calculations. This technique does,
however, give a good répresentation of the computer time required by
each solution techﬁique.

Bauﬁann's method is the fastest because it uses straightforward
subsfiﬁution and outside of finding the radiﬁs of influence (D), no
‘iterations are used. Glover's rectangular solution is second because
only one numerical integration is required. per point. Both of
Hantush's methods are of almost equal speed. They do not require

diteracions and, thus, take more time than Glover's method. Hunt's

method requires two numerical integrations and takes approximately the
same amount of time as Hantush's method. Glover's circular solutions
requires two numerical integrations, one nested inside the other, and
is thus relatively.slow. Rao and Sarma's technique, due to poor
convergence of two infinite series, requires by far the most time.

If Hantush's linearization is applied to Glover's rectangular
method, about .0259 seconds pér point is required. This is slightly

faster than Hantush's rectangular procedure.

r
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‘Because Rav and Sarma's technique takes.so much time, it will
not be considered in further an;lysis. It is assumed that if the
. boundaries are at a great enough distance, this method converges to
the results obtained by Hantush's rectangular solution, since it is

derived from the same differential equation.

A.§.3 Rectangular vs. Circular Basin.

Ih the literéture it is often stated rectanpular and civeularv
basins of equivaleﬁt areas will have approximately the same solutions.
for mound heights given equivalent data inputs (Glover? 1960; Bittinéer
and Trelease, 1965; Bianchi and Haskell, 1968). This fact, if true,
can be used advantageously. If only the mound height at the center is
desired, ;he rélatively simple equations eof Glover and Hantush (eq.
A,55 and A.81) can be used by tfansforming the area of a rectangular
basin to that of a circular basin. Baumann and Hunt's solutions could
be used to describe alrectangular,bdsin. On the other hana, it could
be advantageous to transform the area of a circular basin or other
irregulér shabe into that of a sduare, allowing the use of solutions
for rectangular basins.

| To test this hypothesis, Glover's solution for a circular basin
was used with a radius of 200 ft. and inifial saturated depth of 200
feet and the rest of the data from Table 2.1. Four rectangular basins
éf equivalent areas, with width equal to 1, 1.5, 2 and 3 times the
length were coﬁpéred against the mound profile for a circular baSin.
The mound prefiles foflthe rectangular basin passes through the co;nérs

where deviations of solutions are the greatest.
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Figure A 10 compares the solutions for circular and rectangular
basins. The circular and square solutions are almost identical. Small

deviations occur with the width equal to twice the length.

MOLNE GLOWER CIBCULAR
HE IEUT RECTANBULAR W = L
BT RECTAMGULAR W = ZL
21 RECTAMGULAR W = 4L
SRR S—
;-...”'".,'I'p'll
-
"."lﬁ-{,
19 - ".'_".3;1{‘ .
B ) v |,|'|'|I‘|1
ll.l'l""."ll '
= rlyg ""-'ﬂ."u
- o ¥, "I""-'J”"
a 1 1 1 I | I ] | ! ]
: ] % ]S ' 140K

DISTAMLE (FTi

Figure A.10 - Rgctangulaf vs. Circular Basin. A circular basin of radius
200 ft._(solid line) is compared with ;ectangﬁlar basins
of equal areas (dotted line). The square basin (W = L)
mound profile almost completely overlaps the circular
basin. | |

Because the results for squére and circular basins are so clqse,
Glover's and Hantush's solutions fqr circular basins will be omitted
in the'rémaining comparisons. It is also valid to compare Baumann

and Hunt's solutions to those obtained with square basins.
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A.§.4 Solutions with Varying Initial Saturated Depths

One oflfhe stipulations of_using the linéarization technique of
‘Glover is that the mouﬁd-height be small compared to saturated depth.
Hantush's linea?ization procedure may be used for smaller saturated
depths. Baumann and Hunt do not use the'Dupﬁit Torchheimer assumptioh
and do not have-tq make this typé of linearizing assumpfion. The
fiﬁite element technique is 5ssumed to give a good sylutiqn to the
non-linear problem and will be used in the comparison of the diflcrent
'techniques.

The ‘data used is from Table A-1, with two different initial
-saturated depths of 50 and 200 ft. Tor these two cases, the mound
height at the center of the basin is plotted against time (Figs. A.1ll
and A;12) and the mound profile is plotted at 30 days (Figs. A.l3 and
A,14). The mound profile obtained using Hunt's solutioﬁ is plotied

until it begins to oscillate.

At an initial saturatéd depth of 200 ft., the mound height obtained
by Glover's solution is about 4% of the saturated depth. There is not
a large difference between Glov;r's, Hantush's and the finite element
solution showimg that Gloverfs linearization is valid in this case.
Baumann's_solution shows a greater mound height than these, especially
at smaller timeés., Near the basin, Hunt's solution yields‘significantly
greater values than any of the other teéhniques.

At an initial saturated depth of 50 feet the mound height obtained
by‘GLoverWH solution is about 45% of the original saturated depth. In
this case, Gloyer's solution deviates more-from the finite element

solution. Hanpush's solution is close to the finite element solution
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Figure A.11 - Mound rise at basin center vs. time (b.= 50 ft; t = 30

days).
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Figure A.12 ~ Mound rise at basin center vs. time (b = 200, t = 30 days).
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Figure A.13 - Mound profile (b = 50, t = 30 days)
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Flgure A.14 - Mound profile (b = 200, t = 30 days).
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showing that his linearization is valid in this case. Bauﬁann's method
yields the highest results at small times, but approaches.Hantush‘s
solution at larger times, showing that his method comes close to
simulating the non-linear problem at larger times. Hunt's method in

this case is close to Glover's solution.

A.9,5 Compariéoﬁ with Field Experiment

Bianchi and Haskell (1968, 1975) conducted field tests of artifi-
clal recharge to: measure the shape of a rising and declining recharge
mound. Figure A.15 compares the experimental results with the analytical
solutions at A.l:and 8.9 days. The énalytical solutions do a fair job
in prediéting the mound profile. Hunt's method seems.to do the best
job in predicting the curvature of the mound.

Figure A.léishows the experimental central mound heighté changing
with time, compared to the results obtained by analytical solutions.
Again, the.predigted values provide a fair match with observed values.
None.of the analytical solutions seem Bettef than the otﬁer in this
case. At small times, Bianchi‘apd Haskell reporﬁ air entrapped beneath
the wetéing fron£ causing curvature of the advancing front. For this
reaéon, the aésumption of comstant recharge rate is violated at small
times and there is great deviation of the measured and predicted

results,

A .10  Summary

AL10.1 Baumann's Solution
Baumann's method appears to be reliable at large times. The

advantages of this method are that the equations are simple to solve
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Figure A.16 - Mound rise at basin center vs. time from field observa-

tiions and analytical solutions.



95

and can be done by hand. If a computer is uséd, the time requirements
are very small.. A misconception exigts that Baumann's equation is
valid only for steady state conditions because time éoes not appear
-explicitly in the equations. 'Using the method developed in this study,
Baumann's.equation can be applied to the transient case. However, at
small times there may be errox in this method.
A.10.2 Glover's Solutions
A.10.2.1 Circular basin solution

Glover's solution for a circular basin using superposition of
slug injections is much slower than the rectangular basin solution of
Glover and Hantush. The Glover circular solution for continuous
recharge develoﬁed in this study is much faster than the method of
superposition of élug injections but still takes about twice as much

computer time as .Glover's solution for a rectangular basin.

A10.2.2 Rectaﬁgular.basin solution

Gloverfs solution for a rectangular basin is relatively fést and
hé? Fhe advantage that only transmissivity is needed in the solution
instead of both hydraulic conductivity and saturated dpeth. The
- linearization téchnique of Glover is valid oﬁly when mound rise is
small compared to the initiél saturated thickness. 1If Hantush's
linearization procedure is applied to Glover's solution, the solution
is valid when the mound rise is larpge compared to the jinitial
saturated depth; With Hantush's linearization procedure both hydraulic.

conductivity and saturated depth are required.
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A.10.3 Hantush's Solution
A.10.3.1 Rectangular basin

The linearization technique used by Hantush comes gloser to
simulating the non-linear problem of large mound rise compared to
saturated deptﬁ than the ﬁecﬁnique used by, Glover. Hantush's solution

for a rectangular basin is identical to Glover's solution.

A,10.3.2 Circular basin

Hantush's circular solution is evaluated faster than Glover's
circular solution, but appearé more sensitive to the amount of integra-
tion steps. Both Hantush and Glever present solutions for rise at the
basin center due to céntinuous recharge, which were éhown to be identical.
These solutions for the rise at the basin center are fast and easy to

evaluate and are very close to the rise-at the ceunter of a square basin.

A;lO.é Rao and Sarma’'s Solution

Due to slow convergence of infinite series, Rao and Sarma's method

uses an excessive amount of computer time.

A.10.5 Hunt's Solution

Hunt's method may be a valid despription of artificial recharge,
but this must Be further verified by experimeht. "For complete analyéis
of the mound profile, this method should be avoided bgcquse of the

difficult evaluation of the integxal equation unless a better means of

evaluation isffound.
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A:10.6  Numerical Solution

The finité_element method has several advantages and should be used
when the assumpitions for the analytical solutions are severely violated.
If the field situation is close to the ideal <situation required by the
analytical solutions or there is not enough available data for the
finite element method, there is no advantage to this numerical tech—

nique to warrant the time required for analysis.

4.10.7 Suggestéd Analytical Methods

Either Glover's or Hangush's solutions for rectangular.basins
should be used for complete analysis of artificial recharge. 1If the
aquifer has a large saturated depth compared to mound rise, Glover's
method should be used for speed. If the mound height is larger either
method with the linearization technique of Hantush 'should.be used.
Equations A.55) and AL81) provide excellent means for calculating

mound height at the center of the basin.



APPENDIX B

MICROCOMPUTER MODEL OF ARTIFICIAL RECHARGE

Bil introduction

Recently a number of relatively inexpensive microcomputers have
become availabld which can be effectively used by.groundwatér hydrolo-
gists to solve ﬁelatively complex groundwater pfoblems. Though there
are many engineéring programs available for large main frame computers,
there are very.few available for microcomputers. The analytical solu-
tions for artificilal reéharge do not fequire the high speed and storage

El

offered by main frame computers and can be easily programmed on a
microcomputer.

The_progra@ presented is a model of artificlal recharge, designed
for use on the APPLE II + 48 K microcomputer. Glovgr's solution for a
rectangular basin and the principle of superposition are useﬁ to model
the growth and decline of a recharge mognd'in the cases of an infinite,
homogeneous aquifer and for a stream aquifer system. Results of fhe
mddel are displgyed graphically and'numerically. The model can dlso.
be used to calc@late discharge fromnthe recharge basin iﬁto a stream
for various timés along the length of the stream. The program is
totally interacﬁive allowing for easy data input and a variety of output.
The language used is APPLESOFT, the basic language adapted for thé

APPLE II + 48 Kiand APPLE IT + 68 K microcomputers.
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A siﬁilarlmﬁdel could be written for a méin frame computer but
there are many réasons for using a microcompﬁter. The program was
developéd as part of a demonstration of artificial récharge in the
‘Saﬁ Luis Valley in cooperation with the local irrigation
districts. During the early stages of the project it became readily

apparené that a ﬁeed exists to transfer the complex mathematical
equations into results tﬁat can be easily understood gy water users,
The graphics amdfinteractive capabilities make microcomputers well
suited for this kransfer of knowledge. The program is extremely usetr
friendly ana can- be used by both technigal‘and non=~technical people.

Another édvhntage of microcomputers is théir low price. An APPLE IT
+ 48 K microcomputer with a monitor and one disk drive can now be
purchased for less than $2,000.00_giving the owner a great deal of
computational power and accessibility at a relatively inexpensive price.
In addition, there has been an abundance of business oriented software
devgloped whtich make microcomputers a vaiuable asset for moderately
éized consultingifirms (Dallaire, 1982; Butall, 1982). After the
initial purchdse only paper, disks fof data storage and electricity
must be paid for making run time very cheap.

A great advhntage of hand held calculators is Eheir portability.
With a battery pack, microcomputers are also portable and can be taken
into the field, an advantage_not available with main frame computers.

The main diéadvantagé‘of microcombuters are their slow execution
speed énd storagh. Unless the program is extremely large, disk utiliza-

tion can usually:provide enough storage. The Cyber 720 is approximately
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1000 times faster than the APPLE IT + microcomputer. Advances in
.microcompﬁter ﬁechnology‘are rapidly increasing the speed and storage
capabilities of microcomputers. |

Two versions of the program were prepared, one written in APPLE—
S0FT for the APPLE IL + 48 K microcomputer and a compiled version for
use on.the APPLE + 64 K microcomputer. The compile& version opera;es
about 1.5 times faster but fequires more storage than the APPLESOFT
version. The fully documented APPLESOFT program is presented-}n

Appendix B.

B.2 Use of Glover's Solution

Glover's éolution was chosén because it gives reliable results
for many appliéations, it is easy to program, and is one of the fastest
solutions. Bammann's solution requires less computéf time but does
Vnét give_reliagle results for small times. For most conditions
Haﬁtush's soluéion and Glover's solution give approximately the same
results and fof small saturated depths Hantush's solution gives better
results. However, Hantush's solution requires at least twice the
computer time and both saturated depth'aﬁd hydraulic conductivity
‘must be known.illt is more common to know only aquifer transmissivity

which is the only aquifer parameter needed by Glover's solution.

B.2.1 Use of $uperposition
The principle df superposition (McWhorter and Sumada, 1970) is‘
used to obtain' further solutions for finite aquifers and variable

recharge. Supérposition in time is used to calculate the decline of
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the recharge mound after the end of the recharge period. With a stream
in the vicinity, superposition in spaée ié used to calculate mound
pfdfile and discharge to thé.stfeam with time.

At the end of the récharge period an image basin at the same
location as the real basin Hegins withdrawal (negative R) while the
‘réal basin continaues to recharge._ The mound height due to the real

basin is added to the drawdown due to the discharging image basin to

give the actual mound height:

H=n_ +H,. (B.1)
where
Hr = mound height contribution from the real‘basid,
Hit = mouqd height contribﬁtion from. the inage basin superimposed
in time.

‘If a stream is in the vicinity;an image discharging basin is set
up on the opposite sidé of the stream equidistaAt from the real basin
(Fig. B-1). The drawdown from the image basin is superimposed onto
the mound héight contribution from the real basin to give.theAactual
mound height

Ho=MH" + il ' (B.2)

r 185

where
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Seclion View

Recharging ‘ Discharging
basin

. basin
1] =F

i1
W?SJ‘QT“!H‘;::E = Lh.r

‘Plan View
Stream
w N (W
X
L f i i

Figure B.l - Definition sketch of artificial recharge with a stream.
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HiS = drawdown contribution From the image basin superimposed
in space.

If the end of the recharge period has been reached and a stream is
in the vicinity; an image Basin at the same location as the real basin.
begins discharging and another image basin at the same location as the
image basin opposite the stréam begins recharging. The mound‘height at

a selected location is given by

H=1H +H +H + . 3,
r is ”it Hits ( 3)

where

Hitq = mound height cdntribution from the image basin superimposed

in time and space.

'B.2.2 Discharge to the Stream

The integral equation for flow to a Stregm is

. o3
o dh -
Q. = f (T 3% ) dy (B.4)
-0 .
where

QT = total discharge to the stream, and

dh . L .
T'E; = the discharge to the stream per unit lengzgth at a selected

location along the stream (MéWhortet and Sunada, 1977).
The integral is'evéluated numericaliy by computing the iptegrand at
selected intervéls along‘the streain and integrating the distribution
- by the method of trapezoids.(Fig. B 2) The numeriéél evaluation yields

the expression for discharge

in"@.lz)V (ﬂ)
Q=2 7 [_(Tax o Y N )] ey
i=l. 2

(B.5)
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where

Ay, = the iﬁterval between points i-1 and i along the length of
i ; ‘ ,

the stream.

DISCHARGEAUNIT LENGTH

£§H STREAM LENGTH

Figure B.2 ~ Method of trapezoids to obtain discharge to the stream.

. .oh . .
The quantity ™ is approximated by computing the head at 1 foot away

. from the streanm KFig;B.l) Since the head at the stream is constant and

known (selected to be zero in this case) the

1

gjl ~ h+”0 = hl_

ax 1
The integral equhtion becomes

n

e 1 1
Q=-1 I [h i1 th i] By, .

: i=1

- ah L, .
term w1 approximated by

(B.6)

(B.7)
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If the end of the recharge period has feached, eq. (B.3) is used to
1 — , :

calculate h i ‘Figure B.3 is a plot of discharge to the stream vs.

time, with valué obtained from the program using the data in Fig. B.3

below.

— -
R LETEN

Q0 CiEB3A CFg]

TIME [DAYS]

Figure B,3 - Diécharge to the stream vs. time.

B.3 Progrém De%criﬁtiqn

| Taking fulﬂ advgntége of the capabilities of the microcomputer,
this interactiv%.program is written tolbe self-explanatory and easy
tb manipulate. :The graphics are employed for quick visual study. An
example. run is 4escribed to demonstfate the flow of the program., The

fipures represeﬁt what would be shown on the screen.
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When starting théAprogram, a menu presents a selection of model
options (Fig. B;a)._ For this example, option 1 is chosen to model

artificial recharge with a stream in the vicinicy.

SN T

ARTIFICIAL RECHARGE

: OPTIONS

1) STREAM IN VICINITY

Z) NO B3TREAM IN VICINITY
3) READ FILES

a) EXIT

TYPE THE NUMBER OF YOUR CHOQICE 1

N )

Figure B.4 - Screen Display: model options. Avtificial recharge is

- modeled with a stream in the vicinity.

The ‘recharge parameters and their values are displayed on the
screen (Fig. B.5). To change a value, the number corresponding to the

recharge parameter bto be changed is typed.
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RECHARGE RATE (FT/DAY) 1,
CTRANSMISSIVITY (SQ.FT/DAY) i
SPECIFIC YIELD . .
BEGINNING TIME (DAYS) 30
FINAL TIME (DAYS).. : 30
TIME INCREMENT (DAYS) 30
) EMI) OF RECHARGE -PERIOD (DAYS) 3p
) BEGINNING DISTANCE (FT) 0
FINAL DISTANCE (FT) : 5
DISTANCE INCREMENT (PT) 5
DEPTH TG WATER (FT) 2
BASIN WIDTH (FT) _ 1
BASIN LENGTH (FT) Cg
ANGLE FROM LEMGTH AXIS (DEGS 0

Y

Y

B BT
[P

DISTANCE TO STREAM
CALCULATE MQUND PROFILE
CALCULATE DISGCHARGE TO STREAM

R T

TYPE THE HUMEER '0OF THE VARIANLE YOu
WISH TO CHANGE. TYPE 0 IF YOU wisH
TO CONTINUE WI'_I‘H.OUT.CHANGING,

— y

Figure B.5 - Screen Bisplay: pafameter display. “The depth to water is

changed,

The old value is displayed and the user asked to input a new value
(Fig. B.6). The updated parameter list is again displayed. and the
process repeated until the appropriate values are inputted by the ﬁser;

When 0 is typed the program checks for any value thch is out of
range. For an out of raﬁgeleryor,.the user will be told the mistake
and asked to enter an appfopriate value. With no mistakes, the program
begins execution.

In this case, both moundjprofile and discharpe ﬁo thé stream are
calculated. As v;lues for head‘are calculated they, are plotted on the
graphics screen with phe values of tiﬁe, distance and mound height.

shown beneath the plot (Fig. B.7). VUpon completion of the plot the
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DEPTH TO WATER = 20 FEET

INPUT NEW DEPTH TO WATER 15

\‘ki . | ﬁ. . . ‘)

Figure B.6 f.Screén Display:  the depth is changed from 20 to 15 feet.

o T

TYPE C TO CONTIMUE
15 . ‘ BRASIN e,
: — T X1
]
=
7.3 -
in
_ —1
A
m
-]
‘ . ) 3
Saa_l_ll!lllllllll!lzllalll.ll E
- BTREAM AT 38 TO 38 RY 3I& FAYH

Figure B.7 -~ Screen Display: mound profile at 30 days.

L



109

user is asked to type C to c&ntinue._ The graphics screen is then cleared
and discharge to the stfeam is calculated. The display gives the dis-
tance along the étream, the mound height at one foet away from the

stream and Ehe dischérge perjunit length at that point as the points are
calculated (Fig. B.Sj; When the discharge per upit length becomes

negligible, the total discharge to the strcam is fiven.

DIGCHARGE TO STREAM

DISTANCE HEAD  DISCKAAGE!/

ALONG AT UNIT
STREAN { rooT LENGTH
(FT) (ET)- ($Q.FT/DAY)
30 DAYS
G 02263 22.43
25 02218 22.18
50 02095 20.95
00 01717 17.1%
100 01045 10.45
508 3.74E-03 3 74
800 $E-04 6
1600 {E-08 01
3200 0 D

TOTAL DISGHARGE = 11000 CUBIC FT. /DAY

. | y

Figure B .8 -~ Screen Display: - discharge to the stream at 30 days.

To reexamine and study ﬁhe probiem, the user is presented with a
variety of output options (Fig.13.9). The "data display" option gives
‘a list of the recharge parameters used. The "results display" tabulates
- the numerical values of the fesults. A_har@ copy of the data and results.

can be obtained with the "results printout' option. The graphics are
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OPTIONS

1) DATA DISPLAY

Z) RESULTS DIGBPLAY
3) GRAPHICS LISPLAY
4) RESULTS PRINTOUT
3) CREATE FILE |
4) ANOTHER RUN

7Y EXIT

TYFE THE NUMBER OF YOUR CHOICE 5§

.\h_ .‘ : . - . | ;)

Figure B.9 - Screen Display: output options. Create file is chosen to

store data and results on the disk.

'f - ) ™

iNPUT FILE MNAME &STREAM

TYPE STOP TO RETURN TO THE MENU

o 5

Figure B.10 - Screen Display: create files. The name "Stream" is given

to the input data and results calculated.
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quickly recreated by the "graphics display“ option. Data and resulté
can be stéred on the disk with the "create file" option. The "anogher
run' option allows the user to go back to the original model §ption,.
retaining all the present values of the recharge parameters. The "create
files" option is chosen and fhe name given to the file is "stream"
(Fig. B.10).

Next, the "another run" option is chosen and fhe original recharge
option appears (Fig. B~4). '"Read Files" is then. selected and the name

of the file to be read is entered (Fig, B.ll).

G

READ FILES

No YOU WISBH TO SEE THE CATALQGC
(Y/ES,N/0)? N

INPUT FILE NAME NO STREAMNM

TYPE STOP TO RETURN TO THE MENU.

- J

Figure p.1l - Screen Display: read files. The file "No Stream" is

read from the disk.
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The previously made filé "no stream" is read from the disk. This file
has exactly the same recharge parameters as "stream" but simulates
recharge in an infinite aquifer. After the file has been read, ﬁhe
llSt of output option. again éppears on the screen with the exceptlon
that "creat file" has been .changed to "read another file". Up to ten
files can be read and simultaneously stored in meﬁory. "Read another
file" is chosen to read in the file “stream"

To compare the Ln[luonge of a strean, thv gpraphics will demqnstrate
any dlfference ;n mound profile. The ”graphics display" option 1is

- chosen. © The program asks which [ile is ro be plotted (Fig. B.12).

2

o ' ' R

1) NGO STREANM
2) STREAM

INPUT FILE NUMBER 1

J

FigureB .12 - Screen Display: the files "no stream" is chosen to be

plotted.
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"No stream" is chosen and pletted. The "graphics display" option is
again chosen with "stream" to be plotted. The program asks if the

same plot is to be used (Fig. B.13).

e . T )

SAME GRAPH (Y/ES,N/O)Y? Y

Figure B.13 - Screen Display: "stream" and "no stream” will be plotteg

on the same graph.

In this manner, "stream'" (dotted line) and "no stream" are plotted
on the same graph (Fig. B.14). With a stream in the vicinity, the
mound height is lower than an infinite aquifer and not symmetric

around the center basin.
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TYPE T TD CONTINUE EROUND
? BASIN SWRFAGE
15 itl22 :
7.5 -
l.IIlEIll!llf'.llllllllll}jaa
NO STREAM AT 38 TO 3B BY 3B DAYS
S5TREAM AT|3@ TO 34 BY 38 DAYS

Figure B.1l4 - Screen Display; "stream" (dotted line) and "no stream"

plotted on theisame“graph.

B.4 Discussion
The interactive naturezof the program makes it an effective tool

for a number of uses. As a flearning tool,.the effects of soll character-

istics and constant head boundaries on artiﬁicial recharge can be stu-~

died. As a design tool, thé effects of changing basin geometry or

recharge rate can be examineld. Fof those not well aquainted with

groundwater, the program caﬁ_be used as a demonstration tool to display

the rise and decline of a wdter table due to artificial recharge.
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Very little knowledge of computers is necessary Lo operate the
program, yet many advantageSjof compuﬁer use are aﬁailable. The prdgram'
works by a "turn key" system, that is the disk is inserted, the computer
turned on and the program begins. Tﬁe user is prompted at each step,
often with a varlety of options. Data is easily changed, resplts‘are
quickly obtained and readily'gompared. This ability to manipulate the
problem allows for more Eime to be effectively spent working with the
dctual problem at hand.

Employment of the graphics during the operation of the program
gives the user an immediate answer to the response of the aquifer.
"Numbers alone cannot describe the growth and decline as well as a graﬁhi—
cal'representation, especially when describing artificial recharge to
a lay person. Comparison of different results is greatly enhanced
by the aBility to plot several different results on the same graph.

To calculate one point on the recharge mound on the APPLE computer
takes about 16 seconds ﬁsing APPLESOFT and 12 seconds using the compiied
version of the program, compared to a small fr;ction of a second on the
Cyber 720. Tor this problém, the slow speed does not céuse.difficqlties
becapse many points needjnot be calculated to give a good representation
. of the recharge wound. Even though execution time-on a main frame
computer is extrehely fast, time for data input and output can be on
the order of hours for one computer analysis.

For this probleﬁ memory requirements are not restrictive. The
.ﬁrogram takes about 25K bytes of random access memory leaving about 23K
bytes of memory for variables. Disk Qtilization to store data and re-

sults greatly increases the potential storage,
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on Glover's solution. Numerical modelslshould be used if the assump-
tions pertaining to Glover's solution are seriously violated and data
ls available to describe the problem. If the field problem to be
modeled is close to ideal or adequate data is not available, there ;s
no.advantage of using numerical models. This prograﬁ will give results
faster and cheaper.

The advent of microcomputers has given groundwater hydrolopists
another choice of toolé for problem solving. By allowing easy communica-
tion with the problem and suppliying visula results, the program demon¥
strates how the microcombuter can be programmed to be an effective tool.
This is just one example of a large number of problems which could be

solved on microcomputers,



