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TheWdl / Aquifer Model

I nitial Test Results
Dennis E. Williams, Ph.D.

1.0 INTRODUCTION
1.1 General Background Leading to Development of the Well / Aquifer Model

Today, more than ever, energy plays avital role in the planning and operation of any water
resources development project. Providing safe, reliable ground-water supplies at the lowest
possible cost requires careful design of all factors affecting the pumping and transportation
water, from its source in the aquifer to its final destination and use.

Minimizing energy consumption can result in huge operational savings over the lifetime of any
water resources project. One example of energy waste is the head |oss associated with the
entrance of ground water into the well. Minimizing this head loss requires careful consideration
of the relationships between aguifer and gravel pack materials, well screen characteristics and
location, and pumping rates.

Understanding the laws and principles governing these interrelationships is the subject of
extensive research currently being conducted by Roscoe Moss Company of Los Angeles. The
need for a study of this type and magnitude has long been overdue in the ground-water
profession. Too often, critical factors affecting the design and construction of water wells are
being obtained from unverified general assumptions, outmoded techniques, or application of
methods and values which clearly do not apply. Consequently, many wells continue to be
improperly designed, with results ranging from marginal to complete well failure.

1.2 Specific Objectives of the I nvestigation

The purpose of this investigation is to study interrelationships between well screens, gravel
packs, and aquifers, using both theoretical and experimental techniques, and to deduce the basic
laws governing these relationships. The original objectives are summarized as follows:

1. Determine the physical hydraulic relationships between screen entrance velocity, sand
transportation, and gravel pack design. In conjunction with this, test the validity of the
"opinion" by Bennison (page 26) that entrance velocities must be between 0.1 and 0.25 ft/
SEC.

2. Determine the effect of gravel pack design criteria on stabilization of aquifer materials
and well development (e.g., void ratio, grain size and shape, uniformity coefficient, and
percentage passing for various screen openings).

3. Veification of Peterson’s basic design criteria (CL/D>60 for minimum frictional head
losses (page 29) on alarger scale than his original test apparatus and with consideration
to aquifer materials. Thiswill also determine the effects of partial penetration and the
resulting converging flow field.

4. Determine velocity distribution along the well screen length and check the validity of
Peterson’ s statement (page 29) that most flow takes place at the discharging end of the
screen through a length such that CL/D>6.
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Demonstration of the principle of increased drawdown (and higher pumping lifts due to
partial penetration effects even though CL/D>6.

Determine the importance of screen open area and geometry in development of the gravel
pack and surrounding aquifer material.

Investigate the effects of different types and density distribution of screen openings on
stabilization of gravel pack and well efficiency.

Develop well loss criteriafor a practical range of commercially available well screens
and compare well efficiencies of these screens for different gravel pack / aquifer ratios.
Investigate the structure of the gravel pack immediately adjacent to the well screen for
various types of screens(louver, wire wound, etc.), and determine whether screen
geometry affects entrance velocities and well efficiency.

Investigate the build-up and methods for removal of incrustations with various types of
commercialy available well screens.

1.3 Phases of Model Development

The phases of model development leading to the results presented in this report can be seen in
the PERT/CPM network diagram (see Figure 1). A general summary of these phasesis shown
below with the time-scaled network shown in Fig. 2a/ 2b.

1.3.1 Phasesof Work:

1. Initial Model Design, Building and Testing
a. Background literature research
b. Theoretica analysis
c. Basic design and supervision of model test apparatus
d. Instrumentation of model using computerized control
e. Initia testing and verification of genera theory
2. Veification of Objectives and Analysis of Results
a. Experimental procedures on major study objectives using variations of well
screen, gravel pack, and pack / aquifer ratios to obtain results which would meet
the specific objectives of the study.

b. Analysisof experimental results and development of new theoretical approaches
to properly explain observed phenomena.

3. Documentation of data derived from backgound research, theoretical analysis, and
experimental procedure, with interpretation into a comprehensive reference which can
be used by all involved in the ground-water industry.

4. Investigation of corrosion or incrustation on various well screens. This final original
objective may require continuous long term testing of the effect of different quality
waters on various casing and screen materials.
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2.0 BACKGROUND RESEARCH AND PREVIOUS WORK

Prior to design of the well/ Aquifer model, an exhaustive literature search was undertaken on
previous works relating to both theoretical and experimental procedures on well screens, gravel
packs, and aquifer materials. Some of the more important investigations have provided guidance
in this study, with some major conclusions or hypotheses incorporated into the present research.
A summary of the more important investigations regarding hydraulics of well screens and gravel
packs is included in Appendix I.

3.0 MODEL DESIGN AND CONSTRUCTION
3.1 Physical Mode Type

The function of the model is to reproduce the operating components of production water wells.
These include well screens, entrance velocities, gravel packs, and aquifers. These criteria
necessitated building an apparatus that would reflect more of a prototype condition than a scaled
down model. Thus, awedge-shaped model 5 ft high and 12 ft long was conceived which
represents a typical section of an aquifer having pure radia flow into awell. The sides of the
prism represent those of anequilateral triangle with the internal angles being 60 degrees, or 1/6
the circumference of awell (see Figure 3). The physical dimensions of the model were designed
to permit testing of commonly used well screens.



With moddl well screen diameter

of 10 in. and a standpipe providing STANDPIPE RMC WELL-AQUIFER MODEL

60 ft of head (or drawdown) onthe  —)

aquifer, amaximum model flow of

300 gpm is attainable using typical / 10° WELL SCREEN
aquifer materials. This model flow . GRAVEL PACK

is equivaent to 1800 gpm for a D

similar well in the field penetrating o O O L fei
a5 ft sectionof the same aquifer & > 1

materials. 5 . p ,'l J |

To achieve the strength required = " B |

and prevent deflection, the frame
was constructed as a welded one-
piece tank. The top and one apex
of the wedge are flanged and Fig. 3

removable. They are heavily ribbed to withstand the potential of 150 ton hydraulic forces with
minimal deflection. The three sides of the model are tied together with a network of steel bars
spaced every 20 in. to maintain the stiffness required.

AQUIFER MATERIAL

In order to prevent water from bypassing the aquifer along the top of the model (a common
problem in sand tank models), an inflatable diaphragm was installed between the aquifer and the
model top plate. Water pressure 4 to 6 psi higher than the agquifer system pressure is introduced
into the diaphragm to prevent "channeling” along the top of the aquifer.

To simulate true field conditions, a"line drive" is created by introducing water uniformly into
the entire 5 ft by 12 ft face of the aquifer using an entrance plenum. Aquifer material is
prevented from entering the water-filled plenum by removable steel grates covered with
perforated stainless steel sheets. Water enters the plenum through 8 in. diameter pipes located on
both ends of the model. The ribs and beams are drilled for free flow, alowing unrestricted
movement of water into the aquifer sand. Provision is also made for placement of a selected
gravel pack up to 6 in. thick between the aquifer and well screen.

Water leaving the model through the well screen discharges into a below- ground sump and flows
through a mesh into a second sump, where it is pumped through diatomaceous earth filters before
returning into the model intake plenum. Any coarse sand or gravel pack material discharged

S

through the well settles into the first
sump.

The wedge-shaped prism design
permits observation of the formation
[ gravel pack interface as well asthe
screen interior. Viewing ports aong
one side of the model revedl the
aquifer and portions of the gravel
pack. The viewing ports are made of
16 in. diameter, 1 Y4in. borosilicate
glass.

Well aguifer model, fTivery, and pamp



Observation of aquifer flow lines can be studied utilizing these viewing ports. Dye introduced
into the aquifer material reveals flow lines relevant to different screen/ aquifer designs.
Tempered borosilicate glass viewing windows permit observation of the inside of the test well
screen, and conventional photographic studies of the well screen and flow characteristics are
facilitated. The phenomenon of effective area of opening was first observed through these
viewing windows.

3.2 Modd Instrumentation
3.2.1 Pressure Head M easur ement

New technology in the field of microelectronics was utilized to obtain the multitude of
pressure flow, and sand particle measurements necessary to evaluate performance of the
model well screen/ gravel pack/
aquifer combination. To
measure hydraulic head
throughout he model, forty-four
Y4in. piezometer tubes were
placed in the aquifer and gravel
pack in four horizontal planes,
arranged logarithmically from
the well bore. Figure 4 shows
the location of the piezometers
and their respective numbers as
they are referred to in the data.

Location of the piezometersis

permanently fixed by taping

them to the rods and bottom of

the frame. The ends of the piezometer tubes are covered with afilter material to prevent
formation from entering and clogging
the line,
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aquifer and gravel pack, a45th
piezometer is located in the well. Two
additional piezometers areinstalled in
aventuri-type flow meter to provide
data on the model flow rate. A rotating
valve (Scanivalve) combined with a
solid state pressure transducer
sequentially measures the hydraulic
head on each of the 47 ports.

Under control of a computer, the
Scanivalve can be directed to take
pressure readings of all the ports or an
individual port. The input pressures
range from 0-26 psi which correspond



to a head ranging from 0-60 feet of water. Calibration of the Scanivalve was performed using

a standard Dead Weight tester. Results showed an accuracy of * 1 inch of water head (see

Figureb).

The Scanivalve pressure
transducer output is an analog

SCANIVALVE PRESSURE CALIBRATION
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View of formation! gravel pack interface

Viewing part with dve injector

3.2.2 Sand Measurement in Well Discharge

Sand Measurement in the well discharge is performed by a HIAC unit particle counter. In
this system, particles of material in a sample stream of water pass through a 20 to 1000
micron sensor and are scanned by a collimated light beam. A photodiode coupled with
advanced electronic circuitry counts individual particles. Resulting calculations of
mechanical grading analysis and particle flow rates in parts per million (ppm) are easily
determined.

The particle counter sensor is located close to the well (see Figure 6). A small flow is
diverted from the well above the regulating butterfly valve. Output from the sensor is relayed
to the HIAC particle counter where a BCD output of channel number and cumulative particle
counts is read by the computer. Range is satisfactory for the size of particles produced from
typical aguifers.



3.2.3. Computer Instrument Interface

During any one data logging cycle,
over 1100 bit of information on
pressure and particle counts are
relayed by a data multiplexer to the
computer for storage and analysis.
The multiplexer interfaces input data
in an orderly fashion, enabling the
computer to "read” all information
through one 8-bit parallel input port
(seeFigure7).

LAYOUT FOR THE

WELL/AQUIFER
MODEL

3.24. Control Computer

The heart of the data acquisition
system is a 32K byte microcomputer
manufactured by Northstar. The
peripheral devices include two
"mini-floppy" dual density single-
sided disk drives with a 256K
storage capability. Communication
to the computer is through a SOROQ
video display station. Hard copy
output and graphic plotting of results
isaccomplished using an Integral
Data Systems dot matrix printer.

TRAMEDUCTR PRESEURE INPUTS i H

FROM MODEL L FLOW METER SCAMIVALVE
b

CO-28 pai) ﬂl

| PoRT 1.0,
ey T

12 BIT AMALDG
TO DICITAL

INSTRUMENTATION

FLOM METER (VENTURD.

FLOW
PIRECTION

- -
- N

——
e ——_ 174 * POLYFLON TUBING
(TO SCANIVALVED

RMC

~

. PRESSURE IN AQUIFER
F L sRavEL PACK

WELL/AQUIFER
MODEL

I/4 * TUBING INTOD SCANIVALVE

SAMPLE FROM WELL BORE —'Jj

HIAC |

=1

COMVERTER
INPUTOUTPU

INTERF,

T DATA MULTIFLEXER

I ——
REAL TINE CLOCK a'
CEXTERMAL 1

i m—— L

2% BYTE MI

CRO-COMPUTER

CDATA STORAGE AND MAMIPULATION

COMPUTER CONTROLLED DATA ACQUISITION SYSTEM

Fig. 7



A real time clock circuit external to the
computer was built to keep track of "time of
day" necessary for the automatic data logging
operation.

3.2.5 DataLogging Cycle

Figure 8 is aflow chart showing atypical data
logging cycle during amode test run. Logging
start time and frequency of measurements are
coded in prior to start-up of the model run. The
computer continuously reads the real time clock
to seeif it istimeto take areading. Eachtimea
predetermined "log data’ time matches the real
time of day, the logging cycleisinitiated, as

Imstrumentation — clockwise from lower left, Northsiar compurer.,

ShOWﬂ |n F|gure 8 ThUS, a” the basc hydrau|IC Scanivalve, HIAC particle counter, printer, video display

station

characteristics of the test are immediately
available on a"real time" basis or stored for future arelysis and evaluation.

COMPUTER DATA LOGGING CYCLE
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4.0 DECRIPTION OF MODEL TESTS

4.1 General Description of Test Methodology

A general testing procedure was standardized for the first series of 25 tests on the Santa Barbara
and Silverado formations, using six different well screen types. This procedure consisted of the
following:

1. After installing the particular well screen to be tested, the model was allowed to reach

steady state flow conditions. This stabilization, principally deaeration, usually took two to
three days, during which time the newly installed well screen and gravel pack were

devel oped to maximum capacity after reaching equilibrium conditions.

. A physical monitoring procedure was then initiated which consisted of taking the
necessary series of pressure, flow, and sand content measurements. All piezometers were
read using the automatic instrumentation procedures. The 44 piezometers selectively
placed within the aquifer and gravel pack obtained the measurements necessary to
determine the piezometer head distribution throughout the model. Two piezometers on
either side of the venturi meter obtained flow data on well discharge. One piezometer
located in the well itself reflected the actual pumping level. The Scanivalve instrument
provided automatic data logging capabilities for pressure measurements. Sand content in
the well discharge was measured using a HIAC particle counter. Equivaent parts per
million of sand content were calcul ated.

All data logging operations were under supervision of a microcomputer with real time
control capability.

4.2 Initial ScreensUsed in the Testing

Six different well screens were chosen for initial testing in the model. Screen choice was made
with consideration to design as well as percentage of open area. A wide range was thought
necessary to test the hydraulic flow characteristics as specified in the initial objectives of the
well/ aquifer model. The following table gives a summary of the six screens used in the initia
model tests.

SCREENS USED IN THE INITIAL TESTING
Screen Type Open Area* (irf) (% Open Area
Continuous Wire Wrap | 3640 | 3400
'Horizontal Louver Shutter Super Flo Pattern | 750 | 74.00
Vertical Bridge | 490 | 480
Horizontal Louver Shutter Full Flo Pattern | 30 | 340
'Horizontal Louver Shutter Standard Pattern | 105 | 100
Vertical Miled Slots | 75 | 074

* Open area for all screens was based on 1/2 of a 10 inch diameter screen having a length of 5 feet with .060" apertures



All screens were initially prepared for model testing in an identical fashion, exposing half the
screen to flow. In subsequent testing, two-thirds of the exposed screen section was masked to
expose 60°. This latter series of tests resulted in a more realistic model / aquifer scaling ratio by
eliminating the previous distortion of one-sixth of the aquifer flowing into one-half of the well.
Masking the well screens was accomplished in a symmetrical fashion to provide for uniform
exposure. Ordinary duct tape was used on the outside of the well screen to selectively block off
portions of the screen apertures.

4.3 Description of Aquifer Materials Used in M oddl Testing

For initial model testing, it was felt that aquifer materials from field formations should be used as
representative of prototype conditions. Two different aquifer materials were located which met
the requirements. Both formations are well known producing aquifers, and have substantially
different geohydraulic properties.

4.3.1 Santa Barbara Formation

The first aguifer material tested in the model was a Quaternary geologic formation common
in the Santa Barbara area of California. The Santa Barbara formation is a "tight” fine-grained
sand with low hydraulic conductivity, representative of the coastal area of California near
Santa Barbara. Average grain size is.15mm and the uniformity coefficient is 1.3. The aquifer
material was obtained from an outcrop location in Santa Barbara and installed in the model in
Los Angeles. Following a sieve analysis (see Figure 9), tests using a "Darcy apparatus’ were
made, establishing an initial hydraulic conductivity of 50 gallons per day per square foot.
Hydraulic conductivity as determined from model tests was somewhat lower, averaging 29
gpd/ ft? (see Figure 10).
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A gravel pack (Monterey #1) was selected to give a pack/ aquifer ratio of 7:1 (see Figure 9).

Due to the extremely low hydraulic conductivity of the aquifer material, only 2 gpm could be
produced through the model, with maximum drawdowns at the well approaching 55 ft. This
model yield of 2 gpm would be equivalent to awell in the field screened in 5 ft of aquifer
producing 12 gpm. Field tests from the Santa Barbara area confirm these results.

4.3.2 Silverado Aquifer

The second series of model tests incorporated a much more permeable material known as the
Silverado formation, which underlines much of the West Coast basin of Los Angeles.

The Silverado aguifer was obtained from awell under construction, using a mud scow, a
drilling tool known for its ability to remove formation intact rather than pulverizing it.

Mechanical grading analyses of the Silverado formation used in the model, along with two
different gravel packs, are shown in Figure 11. The difference between the field aquifer and
the model aquifer can be explained by rearrangement of the material when introduced into
the model. The average grain size of the Silverado model aquifer is .87mm with a uniformity
coefficiency of 7.3.

The hydraulic conductivity of the Silverado aguifer as measured from actual model tests
averaged 1166 gpd/ ft? (see Figure 12). Thisis 40 times more permeable than the Santa
Barbara formation. Under 57 feet of drawdown, 76 gallons per minute were produced in one
of the model tests. Thisis equivalent to 456 gpm froma well in the field screened in five feet
of Silverado aquifer materials.



MECHANICAL GRADING AMNALYSIS
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An interesting comparison to the model tests on the Silverado is revealed by pumping tests
conducted on the well from which the formation was removed. In the production well, 200
feet of the Silverado formation was encountered. The well was constructed using cable tool
techniques, with the casing jacked into the bore hole as the well was drilled. With this
method, the casing is perforated after installation with a"down-the-hole" horizontal louver-
type perforator.

The well was tested at 3,015 gallons per minute with a drawdown of 26 ft for a specific
capacity of 116 gpm/ft of drawdown. The field hydraulic conductivity of the Silverado



aquifer as calculated from this well was 2012 gpd/ft?. Thisis 1.7 times higher than the model
value and can be explained by the well sorted gravel layers existing in the field which were
not duplicated in the model.

The percentage open area of the perforated casing was only 1%. A step drawdown test gave a
well efficiency of 85% with entrance velocities of 0.95 ft/sec. Sand production was less than
3 ppm.

A summary of the model aquifers with their corresponding gravel pack characteristicsis
shown below:

Santa Barbara Formation (Tests 1-7)
Dso = 0.15mm (50% passing grain size)
Deso = 0.16mm (60% passing grain size)
D10 = 0.125mm (10% passing grain size)
C. =Dg
Uniformity coefficient: Diw =13

Montery Gravel Pack #1
D5 = 1.04mm
Dgo = 1.14mm
D1o = 0.54mm
C,=21

Pack/Aquifer ratio = 7:1

Silverado Formation (tests 8-25)
Dso = 0.87mm
Deo = 1.40mm
D1o =0.19mm
Cu=73

Montery Gravel Pack #2 (tests 8-16)
Dso = 2.00mm
Deo = 2.11mm
D1 = 1.31mm
Cu=16

Pack/Aquifer ratio 2:1

Montery Gravel Pack #3 (tests 17-25)
Dso = 5.43mm
Deo = 5.64mm
D10 =4.09mm
Cu=14

Pack/Aquifer ratio 6:1



5.0 THEORETICAL CONSIDERATIONS
5.1 General

One of the primary objectives of the initial series of tests was to understand the qualitative and
quantitative hydraulic relationships that exist between the parameters that contribute to efficient
gravel envelope water well design; these are the well screen, gravel pack, and aquifer materials.
To understand these interrelationships requires utilizing the principles of fluid mechanics and the
flow of fluids through porous media.

One advantage of using amodel of thistypeis that qualitative and quantitative relationships may
be developed from experimental observations alone, and rigorous mathematical theory is not
absolutely necessary. However, a certain amount of mathematical background analysis should be
done to understand the basic principles of hydraulics which result in the physical observations
observed. Thisis not to say that these observations will necessarily conform to theory. On the
contrary, the purpose of this research is to find out what significant relationships might occur,
and to understand them. Mathematical analysis serves as a foundation upon which experimental
observations and resulting analysis may be laid. It also isatool used to confirm the validity of
model analogy and test procedures.

5.2 Fundamental Parameters Affecting Flow Through Screens

Flow through well screens can be thought of as

. . pn ———
analogous to flow through a series of orifices. As
water enters, there is a conversion of potential
energy to kinetic energy which is necessary in order e TR LRV
to develop the jet velocity that drives the water - T x
through the individual screen openings. Once e
through the screen, the energy developed by the jet 4
is completely dissipated and not recoverable either el
as kinetic or potential energy. The water then

rotates in a direction paralle to the axis of the T -
screen and accelerates toward the pump intake. This

acceleration results in a change of the momentum
flux. Here the flow resembles flow through a _{
pressurized pipe conduit.

L

) ) . A . SCREEN DIANETER
In conjunction with this movement of water into o

and along the well screen, aloss of hydraulic head
occurs between the inside and outside of the well
screen (see Figure 13). Quantitatively, this concept

HYDRAULIC SECTION OF A SCREEN

for the loss of head through a well screen can be Fig. 13
expressed as

F(LD, 4P, n, 2, &V, Ap, C)=10 (1)

Where:

L = length of screen section [L]



D = screen diameter [L]
& p = pressure difference between inside and outside of screen [F/L?]
n = roughness coefficient of screen [L°]

# = mass density of the fluid [M/L?]

H = dynamic viscosity of the fluid [FT/L?]

V = fluid velocity in well screen [L/T]

Ap = percentage open area of well screen [L°]

Cc = coefficient of contraction of well screen openings [L°]

By using principles of dimensional analysis and hydraulic similitude and choosing D, P ,andV
as the repeating variables, equation (1) can be reduced to

F[L z i @Jﬂl @)

= e, O
D:D: p: C:pyj:

Assuming inertial effects predominate in the problem of head loss through a well screen, with

viscosity effects secondary, then the term of equation (2) representing the Reynolds number ( P
VD/ #') can be eliminated in the first order approximation. Also, assuming that influence of the
jetting action of the water is far more significant in loss than the frictional component of the
water travelling axially in the screen, the term of equation (2) representing the roughness factor
(n/D) can aso be eliminated.

Equation (2) can now be written in terms of head loss as

akh
7T i g =Fi(Cc, Ap, LT {3
Where
A h = difference in piezometric head between the inside and the outside of the
screen [L]

One of the purposed of thisinvestigation is to experimentally evaluate equation (3) by comparing
head losses with open area percentages for different screen designs. However, in thisfirst series
of tests, no variation of screen length (L) was attempted, so that in all tests the parameter L/D
was in fact a constant. Because of this, the basic relationship of equation (3) reduces to

Mz
ijg

=F (Cc, Ap) 4

Further theoretical analysis can be applied to the right-hand member of equation (4) by
introducing principles of continuity, energy, and momentum. These principles are applied subject
to the following assumptions:

1. No acceleration takes place normal to the direction of flow.
2. No variation in velocity takes place across screen sections.
3. Nointerna resistance to flow exists.



The basic relationships can be written as
Continuity: Q =A1 *Vi= A ¥V (5)

Energy (Bernoulli’s equation) :

v AR n oA

I it S AT St et S (&)

ig ¥ g ¥

Momentum: = £ Vi- Q2Va) (7
Where:

Q =flow rate paralel to the screen axis
A = cross sectional area of the screen
g = gravitational acceleration

P/ = hydrostatic head

P = fluid density
Z = distance from arbitrary datum plane
F = change in momentum along the axis of the screen (see Figure 13)

By combining the energy and continuity equations, the element of discharge dQ through the
increment of screen length dL can be shown to be

DQ=Cc Ap x#D . 2(ghk) dL (&)

Integrating equation (8) yields

Q=Cctp 7 D 28 [E oL ©)
Applying the momentum equation to the flow in the screen between sections 1 and 2 resultsin
AY (hu-ha) - 2V - V) (10}
Rewriting equation (10) in differential form
tPedh=d(Q% (11)

Assuming the piezometric head on the outside of the screen to be a constant

Ah=Const —h (12}
and
d( k) = -dh (13)

Equation (11) can now be rewritten as

D(Q%) = &' gd ( Ah) (14}



Which upon integration gives

P=4*hAh+0C, (157

When Q =0 then Ap=zAp (difference between the piezometric head between the inside and
outside of the screen section at the point where L = 0). Also
C,=-Alg Al (167
Equation (15) can now be written as
P=a%MAh- AR (17}
Differentiating equation (17) with respect to length yields

g _ A* gd (hn)

AL 20dL (18)

Combining equations (8) (17) and (18) resultsin

8 Ak
a7 )

D77 AR — Ak Al

(193

Integration of equation (19) yields

L g l2ak - AR
& == cosh o e (207

where C=11.31 Cc Ap
and C, =0 (since A h= A ' whenL =0)
Replacing A 1y with the value from the equation (17) resultsin

Ak cosh{CL/f D0+ 1
ii2g " cosh(oL/D -1

(21)

L

In the present model geometry, D'is aconstant for all tests calculati ng to be

L 6inches B

=—=6
D 10inches

Considering this, equation (21) reduces to

Ak cosh{6C7 + 1
4 i2g " cosh(6Ch -1

(22}



Simplifying equation (22) resultsin

Fi¥ I s
772 Ig= EEC+E—6C)_2 (23)

where 6C = 67.86 Cc Ap

The coefficient of contraction of the screen openings can be obtained from
G 24
R (24)

where: C = coefficient at discharge
actualflow Q2

CF idealflow Jghk

achiaimeanvelocity
and:  C, = coefficient of velogity = L28@imeanveloctly
-
e 2gik
Equation (24) can be rewritten as
_ 2 (100
“t v (1309 (LS AV (25)

where PS = fraction of total screen circumference open to flow

The actua velocity (V) through the well screen openings was not measured but was cal cul ated
from the discharge and maximum theoretical open area of the screen. Because of this, equation
(25) will yield avalue of Cc = 1.0 if the velocity as calculated from the continuity equation is

used. This should be considered an upper limit with actual velocities yielding corresponding
lower values of Cc.

As afirst approximation, a value of Cc = 1 will be used in equation (23), resulting in

Fi¥s g5 +e ")+ 2

ngg=e”+e'“}—2 (23)
where:
Ap=PS ¥ ¢

PS = fraction of screen open to flow

¢ maximum percent open area of actual well screens used in the tests for
Y, screen open to flow

&' =67.86 <Ap



A logplot of equation (25), Figure 14, shows a straight line over the range of the loss
coefficient. Because of the constant CL/D value used in the first series of tests (CL/D = 6), the
variation of the head loss coefficient vs screen length showed no significant results, but generally
followed the theoretical trend as could be expected.

CL/D
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CL/D VS. HEAD LOSS COEFFICIENT
Fig. 14
5.3 Pumped Well Efficiency

With considerationof all factors contributing to WELL DISCHARGE O
head loss as specified in equation (4), aless

rigorous theoretical approach to the problem of [ L S
screen loss can be formulated. To understand this  —=———— - ST W LEWL

latter approach, the concept of "well efficiency”

must be introduced. This concept of pumped well B0 (Formellon laas>
efficiency was first presented by Jacob in 1947. Tetel brovdeun jL

Basically, Jacob defines well efficiency asthe 0° Cuell Toesd
formation loss (the laminar head loss required to _l_ - .

produce flow in the aquifer) divided by the total
drawdown as observed in the well. This quotient
is expressed as a percentage. E=

Figure 15 is a smplified sketch illustrating this
concept. Since ground-water flow through
porous media is laminar in nature, the head loss L
required to produce flow through the aquifer is CONCEPT OF WELL EFFICIENCY, g
proportional to the first power of the well Fig. 15
discharge:




Formation loss = BQ

where;
B = formation loss coefficient
Q =wséll discharge

Formation loss is defined as the difference between the static (nonpumping) water level in the
aquifer and the water level observed in the aquifer (or gravel pack) immediately adjacent to the
well casing or screen.

Aswater enters awell through screen openings, its velocity increases as the jetting action
produces a turbulent flow condition. The turbulence caused by the jetting action through the well
screen, as well as the change in direction of the water asit is forced to move axialy, resultsin an
additiona head loss term. Head |oss associated with this turbulent flow is known as well loss and
varies approximately as the second power of the discharge.

Well loss = CQ?
where C = Wdll loss coefficient

The formation loss coefficient (B) is related to aquifer characteristics, while well loss coefficient
(C) isafunction of well screen design, geometry, and effective area of opening. The tota
drawdown, observed in the well, can be stated as a sum of formation loss plus the well loss:

s=BQ + CQ? (26)

Well efficiency is a measure of effectiveness of well screen as a transmitting medium between
the aquifer (or gravel pack) and the well. This effectiveness can be quantitatively expressed as

Pumped Well Efficiency:

__ 5e
E= ori o] x 100 (27)

Rearranging the above equation resultsin

Pumped Well Efficiency:

100

B rcaiz (28)

As can be seen in the above equation, well efficiency is not a constant but varies inversely with
discharge (i.e., efficiency is maximum for low discharges and minimum for high discharges).

The well loss term (CQ) in equation (26) can be directly related to the velocity head term shown
in the left hand member of equation (4) and in Bernoulli’s equation (6); namely,

2

Welocity headloss =K E (29



Where K = aloss coefficient that is dependent upon the physical geometry of the

hydraulic structure (e.g., screen openings, or orifice shape and gravel
interface) through which water passes.

From the continuity principles, the velocity head loss can be related to well discharge by

Q=AV
QE
Vi= Vi

Where T = 2—2

From the above analysis, the similarity between the standard Bernoulli velocity head loss term
and the well loss coefficient as seen in equation (6) is apparent. The coefficient (C) in equation
(30), known as the well loss coefficient, isin fact a function of both the head loss coefficient (K),
as defined by standard hydraulic terms, and other factors such as "effective screen open area.”

6.0 ANALYSISOF TEST RESULTS

6.1 Regression and Correlation Analysis

Considering the preceding theoretical discussion on well screen loss, the following fundamental
parameters are significant:

(Q Ap,V,E, AH, ¢ C) (31)
where:

Q =well discharge [L3/T]

Ap = percent of open area of screen [L°]
V = screen entrance velocity [L/T]

E =waell efficiency [L°]

A H = head loss across the screen [L]

¢ fraction of screen circumference open to flow [L°]
C = sand concentration of well discharge [L°]

In the initia testing using the Santa Barbara and Silverado formations, sand concentrations
measured in the well discharge was insignificant for all 25 tests. Because of this, the sand
concentration parameter was eliminated from the regression and correlation analysisin this

report. Also, the fraction of well screen open to flow ( ¢ ) is considered as a separate data group
and was not included in the subsequent analysis. Equation (31) now reduces to the fundamental
parameters

f(Q, Ap, V, E, AH) (32)



From the variables in equation (32) it can be determined that a maximum combination of ten
possible groupings will exist if the five basic variables are analyzed in groups of two:

7l

e T, (332

where:

n = combination of variables (n = 5)

r = selection out of the n objects with no attention given to the order of arrangement (r =
2)

or
5C2 =10

Therefore, of the significant parameters measured in the first series of tests, thereis atotal of 10
possible groupings of variables upon which regression and correlation analysis can be
performed. The regression, or estimation of one variable (the dependent variable) on another (the
independent variable), for the 10 maximum combinations, is the subject of the following section.
The degree of relationship between the variables, or the indicator that tells how well the
regression equation describes or explains the relationship, is quantitatively measured using
correlation analysis.

For the variables in equation (32) only simple regression and correlation was used. The purpose
of the analyses was twofold:

1. To verify existing known relationships (e.g., Anvs V) and show that model analogy
and test procedures were valid.

2. To establish new relationships by experimental observation and analysis which could
lead to better understanding the basic factors affecting well design.

6.2 Methodsof Analysis

Three types of smple regression were used to analyze the 25 test results from the Santa Barbara
and Silverado aguifers:

1. Litear (y=m ¥+ 1)
1

Hyrperbolic y=
ay+b

2.
3 Pataholic v=a ¥+h ¥+

These three equations were fit to the observed test data using the method of Least Squares. In
order to quantitatively measure the degree of explained or unexplained variations between the
variables, the correlation coefficient (r) was calculated, namely:

J explained variation a8

total rariation



or

(33)

where;

Y est = estimated value of dependent variable.

Y = meanvaue= ZY/N

Y = actual or measured value as obtained from test data
N = number of observations

From equation (35), the unexplained variation can be derived to be
(Y - Fest)* (36

The following analysis consists of calculations of simple regression and correlation for al the
variables of equation (32) as well as the unexplained variation.

6.2.1 Data Groups

Raw data from the initial 25 tests on the Santa Barbara and Silverado aquifers are shown in
Appendix Il. A summary of thisinformation is shown in Figure 16. Because of variationsin
test parameters, distinct groupings of tests were selected for the regression and correlation
analyses. Seven separate groupings of the individual tests were selected and are shown
below:

ROSCOE HOSS COHPANY
ok ocoEk ke
WELL/AQUIFER HODEL - SUHMARY OF TESTS

SCREEN ANUIFER WELL @ OPEN ENTRANCE WELL SCREEN WL IN FRACT SAND AQUIFER R

TEST DATE TIME TYPE NAME GRAVEL PACK (GPH) AREA VELOCITY EFFIC. HEAD LOSS MWELL SCREEN CONC . K E
(%) (FT/8EC) (%) (FT) (FT) OFEN {PFM) GFD/FT2 C

30/0aN/80 14152 SUPERFLOD  SANTA BARBARA HONTEREY #1 2.0 7440 0,009 99.95 0.028 S.dé 0,50 0.74& 30, 1
21/FER/BO 15122 WIRE wrRAP  SANTA BARBARA MONTEREY #1 2.0 34.00 0,002 99.79 0.114 2.34 0.50 0.229 30. 2
28/FEB/B0 10744 MILL SLT SANTA BARBARA HONTEREY #1 2.0 0.74 0.0%2 78,684 0.6462 =0.03 0,50 0.217 304 3
J/HAR/BO Fi28 BRIDGE SANTA BARBARA HONTEREY #1 2.0 4.80 0,014 79.92 0.034 13,43 0.50 0.035 30. 4
12/HAR/7B0 17105 SUPERFLD SANTA BARBARA MONTEREY #1 2.0 7440 0,009 9.89 0.05% 8.45 0,50 1.192 0. 5
25/HAR/B0 151146 FULL FLO SANTA BARBARA HONTEREY #1 2.0 3.40 0,020 F9.462 0.210 1.77 0.50 0.242 30, &
T/AFRSBO 15:30 RMC STD SANTA BARBEARA HONTEREY #1 2.0 1.00 0.068 100.00 0.000 .11 0450 0.041 0. 7
14/HAY/B0 14129 SUPERFLD SILVERADD FOR MONTEREY #2 G6.2 740 0,259 F8.87 0.5465 7.20 0.50 0,004  1000. 8
20/HAY /B0 151046 WIRE WRAF  SILVERADO FOR MONTEREY #2 58.4 34,00 0,058 98.45 0.815 4,32 0.50 0.138 1000, L
23/WAY/80 13138 MILL SLT SILVERADD FOR MONTEREY #2 12.3 0.74 0,544 12.07 48.786 1.52 0.50 0.5%6 1000. 10
J0/HAY/BO 9134 RMC STD SILVERADO FOR MONTEREY #2 4.2 1.00 1.232 49,31 27,438 2.87 0.50 0,002 1000. 11
4/ JUNSBO 11342 FULL FLD SILVERADD FOR MONTEREY #2 450 3.40 0,451 97.87 1.145 2,41 0.50 0.013 1000. 12
&7/ JUN/BO 12:23 BRIDGE SILVERADD FOR MONTEREY #2 £2.5 4.80 0.443 F8.28 0.916 3.79 0.50 Q.010 1000, 13
10/JUL/BO 15122 SUPERFLO SILVERADD FOR MONTEREY #2 4.0 7.40 0.317 100.00 0.000 1.85 0.50 0.005 1000, 14
12/JUN/BO 10157 WIRE WRAP SILVERADO FOR MONTEREY #2 48.0 34,00 0. 048 99,45 0.194 1.75 0.50 0.003 1000, 15
14/JUN/BO 11304 HILL S5LT SILVERADD FOR MONTEREY #2 9.5 0.74 0.437 F.44 49,299 2.56 0.50 0,000 1000. 1&
18/JUN/BO 143150 HMILL SLT SILVERADOD FOR MONTEREY #3 72.0 G.74 3.312 #8.55 0.785 2.98 0,50 0,005 1000, 17
23/JUNABO 15143 HILL SLT SILVERADD FOR MONTEREY #3 &4 4 0,74 B.916 20.04 S5.410 2.70 0.17 G006 1000, 18
25/JUN/BO 9132 RHC STD  SILVERADD FOR MONTEREY #3 1.6 1.00 2,438 78,89 0,600 2.81 0.50  0.011 1000. 1%
25/JUN/BO 103102 RMC STD SILVERADD FOR HONTEREY #3 1.6 1.00 2,438 78.98 0.556 2.55 0.50 0.04% 1000, 20
27/ JUN/BO RMC STD SILVERADOD FOR MONTEREY #3 72.8 1.00 7435 F2.11 4,140 4,56 0.17 0:004 1000, 21
27/JUN/B0 9152 RMC STD SILVERADD FOR MONTEREY #3 72.8 1.00 7435 F1.56 4.4B3 3.91 0.17 0.021 1000, 22
1/4JUL /80 P43 SUPERFLO SILVERADD FOR HMONTEREY #3 76.3 7.40 1,053 8.48 0.723 244 017 0.197 1000. 23
1/JUL /B0 10042 SUPERFLO SILVERADO FOR MONTEREY 43 75.4 7,40 1.043 ?9.09 0.495 2.61 0.17 0.202 1000, 24
3/JULSBO Pi02 FULL FLO SILVERADD FOR MONTEREY #3 4.2 3.40 1.928 F9.24 0.404 3.65 0.17 0.346 1000, 25

Fig. 16



Data Groups Used in the Regression and Correlation Analysis

Data Group | Explanation Data Records*

1 All tests on the Santa Barbara formation 1-7

2 All tests on the Silverado formation 8-25

3 Silverado formation (al tests with 180° of the screen 8-17, 19, 25
open to flow)

4 Silverado formation (all tests except datarecords 10, 11, | 8,9, 12-15, 17-25
16)

5 Silverado formation (all tests with 60° of the screen open | 18, 21-25
to flow)

6 All tests on both the Santa Barbara and Silverado 1-25
formations

7 All tests on both the Santa Barbara and Silverado 1-9, 12-15, 17-25
formations except data records 10, 11, 16

* See summery sheet (Figure 16) for identification of data records.

The data groups were chosen based on distinct test conditions such as similar aquifer types
and screen open area. Due to an unusual combination of gravel and screen type, 3 of the 25
tests showed unstable results, (datarecords 10, 11, and 16). In these tests, since full
development was not complete, resulting data are not representative of the true hydraulic
characteristics of the particular test.

6.2.2 Basic Regression Relationships Between the Variables

In the correlation and regression analyses, the physical relationship between the variables can
be described as follows:

1. Discharge (Q) vs Percent Open Area (Ap)
Fundamental relationship: Q = ApV
Regression type = Linear

2. Discharge (Q) vs entrance velocity (V)
Fundamental relationship: Q =ApV
Regression type = Linear

3. Wadll efficiency (E) vs discharge (Q)
1

Z
1 —
Fundamental relationship: E = " <

Regression type = Hyperbolic



4. Discharge (Q) vs Screen Loss (h)

1
_ Q= —Ab+ /B
Fundamental relationship: &

Regression type = Linear

5. Entrance velocity (V) vs % open area (Ap)

Fundamental relationship:
Regression Type = Hyperbolic

6. Well efficiency (E) vs % open area (Ap)

l
E=

) ) — dp+1
Fundamental relationship: g
Regression type = Hyperbolic

7. % open area (Ap) Vs screen Ioss(ﬂ h)

1 by
Ap= —— Akt —
Fundamental rel ationship: BV BV

Regression type = Linear

8. Wadll efficiency (E) vs entrance velocity (V)

1
E-=

(9
_ _ — ApF + 1
Fundamental relationship:

Regression type = Hyperbolic

9. Screen head loss ( A h) vs entrance velocity (V)
2

.
Ah=K—

Fundamental relationship: g

Regression type = Parabolic

10. Well efficiency (E) vs screen loss (& h)

1
E=

1
— k4 1
Fundamental relationship: H2
Regression type = Hyperbolic

Figures 17 through 23 show results of regression and correlation analysis on the five
significant variables (Q, Ap, h, E, V) using the combination analysis described in section 6.1.
The regression of the Y variable on the X variable was performed using both linear as well as
the regression type discussed in section 6.2.2. Correlation coefficients were calculated and
the unexplained variation delineated as an indicator of the "Goodness of fit" of the

regression. Those regressions having unexplained variations of 15% or |less were considered
significant and were chosen for graphical plotting. These are shown in Figs. 24 through 48

(Appendix I1).



7.0 SIGNIFICANCE OF TEST RESULTSASRELATED TO WELL DESIGN
7.1 Concept of Effective Area of Opening

An important observation resulting from the initial testing occurred during the 10", 11", and 16™
tests (see Figure 16 and datarecords 10, 11, and 16 in Appendix [11). In these three tests, a
combination of variables produced a unique hydraulic situation in the well/ aguifer model. The
aquifer type in the model was the Silverado formation, and the gravel pack was Monterey #2 (see
Figure 11). The resulting pack/ aquifer ratio was 2:1.

The well screens tested had an opening fraction of 50% (i.e., 180° or half the screen open area
was available for flow). During normal testing procedure, when well screens with percentage
open areas of 1% or less were used (e.g., milled slot and standard shutter), an interesting
phenomenon developed. Initiadly, flow in the model well was similar to that of other tests.
However, astime progressed, well discharge decreased and at the same time head |oss across the
screen increased. The effect was much more pronounced with milled slot screen than standard
shutter screen. An unstable condition apparently occurred around the well screen, caused by fine-
grained material "bridging" or blocking the screen’s open area. This blocking effect became
progressively worse as flow diminished and pressure drop across the well screen increased. This
"pressure induced bridge" of the sand grains in effect reduced the maximum open area of the
screen dlots by as much as 90%. In the case of the milled slot screen, some slots were completely
sedled off.

The net result was that maximum open area available for flow into the well, as measured from
screen aperture dimensions, was reduced considerably. This led to a concept of "effective open
area’ or the area of the screen aperture which is open to flow (analogous to effective porosity).

The extent of this effect under different screen/ gravel pack combinations should be investigated
in further tests. This instability was not observed with screens having open area of 3.4% and
larger, nor in tests conducted with the Monterey #3 gavel pack (6:1). Conditions that affect
"effective screen open ared’ are very important, since frictional head losses are directly
dependent. A ssimple definition of effective area of opening can be explained using continuity
principles:

Q=AmnVm=AeV37)

where:

Q =wdl discharge

Am = maximum area of opening (100% of aperture openings available to flow)
Vm = entrance velocity (100% of well screen openings available to flow)

Ae = actual area of opening available to flow

Ve = entrance velocity when effective area of opening is available to flow

Equation (37) can be rearranged as:
Ae=(Am *Vm)/ Ve  (38)

where Ve =V



Asfrictional head |oss across the screen (ﬂ h = K? V/ 2g) is proportional to the square of the
entrance velocity, effective area of opening is a significant factor in the overall pumping lift of a
well. The effective area of opening (Aeff) can be simply defined as the ratio of the actual area of
opening to the maximum possible and expressed as a percent:
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7.2 Effective Wdl Radius

Effective well radius is defined as that hypothetical empirically determined radius which, if
substituted in the drawdown equation of the well, will yield the actual drawdown outside the
screen of the well.

An example of this definition can be seen using the data from Figure 49 (Appendix IV) (data
record 1). The theoretical Theim equation describing drawdown vs distance from a pumping well
can be written:

528 % O
T Log (i) @9

where:

Sy = drawdown measured in pumping well (ft)

Qp = prototype (field) discharge = 6 * Qm (gpm)

Qm = model discharge (gpm)

T =model transmissivity = Km * 5 (gpd/ft)

Km = model hydraulic conductivity = 26 (gpd ft%)

r, = distance from model well where drawdown = 0. (r =100 in.)
re = effective well radius (inches)



Using the data from data record 1, equation (39) becomes

_ S28xdxa

5x 26
Sy=55ft

log(100/ 744

From Fig. 49 (Appendix V), the actual drawdown as measured in the well was
60 - 5.46 = 54.5 ft

Practically speaking, effective well radius as used in these analyses is a measure of the effect of
screen and gravel pack on drawdown. Figs. 49 through 73 (Appendix IV) are semi-logarithmic
plots of head of water in the model vs the logarithm of distance from the center of the well
screen for all 25 tests. Effective well radius is calculated in all of the Figures represents the
horizontal extrapolation of the water level in the well (at the edge of the screen 5 inches away
from the center of the well) to the intersection of the least-squares line of piezometric head vs
distance.

For example, if, as shown on Figure 49, the water level in the well had been 10 ft above the
Pressure Transducer reference level instead of 5.46 as was actually measured, the effective well
radius would have been about 9.5 inches instead of the 7.44 calculated. Therefore, the larger the
effective well radius, the larger the @
influence the screen/ gravel -
combination has on well efficiency.

# OPEN AREA VS. EFFECTIVE WELL RADIUS
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ALL TESTS ON THE SANTA BARBARA AND SILVERADO AQUIFERS

Figure 74 shows aplot of =
percentage screen open area vs.
effective well radius. A hyperbola
was fit to the data but, as can be
seen in the Figure, little correlation
exists. With the exception of the 2
three unstable tests (10, 11, 16) the .
effective well radius, ranging from
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independent of the percentage of
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7.3 Percentage of Screen Open Area, Entrance Veocity, and Well Efficiency

One of the primary objectives of the present investigation was to investigate the effect of screen
entrance velocity on well efficiency for various screen open area percentages. As entrance
velocity is a component of both frictional head loss and well efficiency, it is important to
understand the interrelationships. The concept of well efficiency measures the magnitude of this
frictional head loss term related to a percentage of total well drawdown. The theoretical
relationship between percentage of screen open area and well efficiency is hyperbolic in form, as
shown in Figure 40 (Appendix I1). This Figureis aplot of percentage of screen open areavs well
efficiency for the Silverado aquifer, with all screens masked to allow a 1/6 circumference of
open area.



The correlation analysis shows an unexplained variation of only 35, indicating a high degree of
correlation. As can be seen in the Figure, very high efficiencies were attained with relatively low
percentage open areas. For example, well efficiencies of 98% and above were achieved with
screens having open area percentages of 3% and higher, and entrance velocities up to 2.5 ft/ sec.
The significance of these results is apparent in the design of wells where high percentage open
areas were thought to be the dominant factor in reducing frictional head losses. In fact, most of
the results seen in Figs. 24 through 48 show either directly or indirectly that, above a minimum
percentage of open area (3-5%), with entrance velocities less than 2.5 ft/ sec, the results are
independent of open area.

8.0 SUMMARY AND CONCLUSIONS

The results from the initial series of tests using the well / aquifer model have proven to be not
only encouraging but have provided answers to specific questions relating to basic well design.
Most of the objectives as outlined under section 1.2 of this report were met and basic
groundwork was laid to satisfy the remainder. Several of the original objectives relating to
Peterson’s work could not be achieved due to the nature of initial testing procedures. Realizing
these objectives required variation of both model well discharge and screen length during a
specific test. In thisinitial testing, both well discharge and screen length were held constant.
Therefore, no data were available to check Peterson’s findings as outlined under objectives 3, 4,
and 5 of section 1.2 of this report. However, this area will be covered in subsequent
investigations using the well/ aguifer model.

The Santa Barbara and Silverado formations were wise choices of aquifer materials because their
different hydrogeologic properties resulted in important test results. Thisfirst series of test not
only established some basic guidelines and methodology for the testing procedure itself, but has
provided insight into important areas for continued research.

Improving techniques devel oped with each subsequent test were apparent in later test data.
Combinations of screens, gravel packs, and aquifers have led to understanding of the importance
of the concept of "effective area of opening”. The distortion of model aquifer (1/6 of
circumferernce) to model well (1/2 of circumference) was overcome in the later series of tests by
selectively masking screen apertures.

The analogy between the model and the theoretical flow equations was verified in every test.
Basic theoretical relationships between significant model parameters were also verified using
regression and correlation analysis. Thus the correctness of test procedures was confirmed.
Specifically, the following conclusions were drawn from results obtained from the initial tests on
the Santa Barbara and Silverado aguifers:

1. Infine-grained formations such as the Santa Barbara formation, effective area of opening
is not the controlling design factor, since frictional head loss was minimal for all screens
tested. In these field situations consideration need only be given to sand control, which is
afunction of screen aperture geometry and pack/ aquifer ratio, and not percentage of
Screen open area.

2. Inaproperly designed and developed well, entrance velocity is not a factor in controlling
production of sand. Vel ocities of about 9 ft/ sec were achieved in model tests with sand
concentrations of less than 1 ppm (see Figure 16).



. Frictional head loss across the screen varies with the square of the entrance velocity in
accordance with K = \/2g. Accordingly, with screen open area percentages above 3-5%,
and entrance velocities less than 2.5 ft/ sec, these screen losses were minimal (see Figs.
38 and 39, Appendix I1).

. Above a minimum percentage of screen open area (3-5%), and entrance velocities less
than 2.5 ft/ sec, well efficiency approaches a maximum and no significant increase in
efficiency is achieved with an increase in percentage of open area (see Figure 40,
Appendix I1).

. The concept of effective well radius is an important indicator of the ability of the screen/
gravel pack combination to increase the permeability immediately surrounding the well
screen.

. The concept of effective area of opening is a measure of maximum area of opening
available in awell screen, as compared to that area of opening actually available to flow
with any particular screen/ gravel/ aquifer combination. Under certain conditions (see
Figs. 58, 59, 64, Appendix 1V), effective area of opening is so low as to reduce flow rates
and increase head |osses to the point where a similar well may be uneconomical to
operate.

In many cases the pack/ aquifer ratio and uniformity coefficient are not as important to
the construction of an efficient waster well as the actual placement of the gravel pack or
development in a natural gravel pack. This suggests that the controlled conditions
regarding gravel pack placement in the model were more important than a lower pack/
aquifer ratio. However, as was noted in three tests (10, 11, 16), this last observation may
not hold true with low area of opening screens (<1%) with improperly selected gravel
packs.
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Appendix |
Summary of Background Research

BACKGROUND LITERATURE RESEARCH

The relationship between well yield and transmitting capacity through well screens has been
studied since the early 1900’ s. These studies include both theoretical and experimental aspects
and many theories have been developed. The following represents a summary of findings of the
principle investigators in the field of well/ aquifer interrelationships, and the applications to
present the study.

1. Lehr, G.J. Brunnenwiderstande, | herberechnung, entatehung und besietigung.

Gesundheits; Ingenieur, 49: 749-52, December 4, 1926.

Major Findings: In 1926, G.J. Lehr pointed out that head loss through a well screen
consisted of two distinct and separate parts - (hp) Loss of head that takes place through
the screen openings due mainly to their size and shape, and (hy). The component of head
loss attributed to the turbulence of water moving upward axially in the well screen. The
sum of these two losses represents the total frictional head loss required to bring the
water from outside the well screen to the pump intake. Quantitatively, Lehr expressed
these two losses as

ng _ e
ig
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where:

hy = loss of head in pipe (ft)

V1 = velocity of flow in pipe (ft/ sec)

V = velocity of water entering perforations (ft/ sec)

V5 = velocity of water at perforation exit (ft/ sec)

hy = loss of head through perforations (ft)

C; = pipe roughness coefficient

C, = screen roughness coefficient

g = gravitational constant

hg:':g

=0

Application to the Present Study: Lehr’s analysis minimized the component of head |oss
through the screen compared to the head loss in the pipe. However, this may not hold true
in al well/ screen situations. One of the objectives of the well / aquifer mode will be to
disprove or corroborate Lehr’s theories.

. White, H.L. Gravel Packed Wells. American Water Works Journal, 29; 475-83, April
1937

Magjor Findings: In 1937, White stated that the size of the gravel in the gravel filter

should be based on the size of the sand in the formation. Also, size of the screen openings
should be as large as possible without allowing gravel to pass through them. White
summarized his findings for the gravel pack as: 1. Size should be a function of sand size.
2. Spherical shapes are idedl. 3. Hard granite- like materia should be used. 4. Gravel
should be clean, well washed, and of uniform size.



Application to the Present Sudy: White's conclusions are fairly general except possibly
his statement on necessity of uniform size. One model objective will be to test the effect
of gravel pack uniformity and the relationship of fine sand infiltration with different
aquifer materials.

. Muskat, J. Flow of Homogeneous Liquids through Porous Media. New Y ork, Mcgraw-
Hill Book Co., 1937.

Major Findings: Muskat in 1937 made a statement that production capacity of awell is
very sensitive to the permeability (hydraulic corductivity) of the zone immediately
surrounding the well bore. If the annular zone adjacent to the well bore has a hydraulic
conductivity greater than that of the adjacent aquifer, then the production rate of the well
will be greater than the same well without any gravel filter. However, Muskat pointed out
that these effects do not increase linearly in proportion to the radius of the zone of greater
permeability.

Application to the Present Study: Muskat’ s remarks are very important and form one of
the principle objectives of the present study (i.e., the character and thickness of the gravel
filter).

. Bennison, E.W., and others. Useful Life of Water Wells. American Water Works
Association Journal, 39: 32-40, January 1947.

Major Findings. Bennison made some fairly general comments regarding well screens.
His work can be summarized in five magjor points: 1. Well screen is not a strainer to hold
out all the formation, but rather acts as a stabilizing device to support the water-bearing
formation during development and subsequent pumping. 2. Screen openings should be as
large as possible, but also sized on intelligent interpretation of mechanical grading
analysis and local ground conditions. 3. The well screen should have as many openings
and as few blank areas as possible so as not to shut off water-bearing formation. 4.
Smaller particles migrate between larger particles, and because of this there will be a
reduction in the total volume of open space. 5. Uniformity of grading of the mixtureis
more important from a water-yielding standpoint than the size of the particles themselves.

Application to the Present Study: Bennison's comments are quite general, and form more
of aqualitative statement of well known conditions rather than providing quantitative
values. However, Bennison does point out the importance of uniformity in the gravel
pack, which will be investigated.

. Santini, S. Consideraciones Sobre Las Filtras que se Utilizan en Los Distentos Pozos
Semisurgentes. Boletin de Obras Santarias de la Nacion, 6: 279-91, March 1942.

Major Findings: Santini defined a coefficient of capacity (Cg) of awell screen as the area
of slot openings divided by the total area of the outside surface of the well screen. This
coefficient, when multiplied by the effective porosity of the aquifer, gives a new porosity
of the aquifer. Consequently, a higher coefficient screen would be more desirable than a



screen with alower coefficient.

Application to the Present Study: Santini’s findings regarding the fact that the total
percertage of open area should be as high as possible will be investigated. However,
Santini neglected to mention other important design factors such as strength and sand
control.

. U.S. Corps of Engineers. U.S. Waterways Experimental Station Field and Laboratory
Investigation of Design Criteria for Drainage Wells, Vicksburg, Mississippi, 1942.
(Technical memorandum Number 195-1).

Major Findings. The Corps of Engineersin 1942 was concerned with the construction of
drainage wells along the Mississippi River levees. They undertook an investigation,
including field and laboratory analysis, to determine proper well design. Their efforts
concentrated on four major types: 1. Brass well screens. 2. Non metallic perforated pipes
with filters. 3. Porous concrete drain pipes 4. Gravel-filled relief wells.

Testing consisted of determining the discharge efficiency of the various well types.
Results established a criterion which was then used to design the wells:

15% filtersize - . 15% filtersize

85% formationsize -~ 15% formationsize

where size represents the percentage passing through the screen openings.

Another conclusion resulting from field and laboratory tests was that there was little
difference in discharge efficiency applying different gravel pack combinations to brass
screens having the same length, diameter, and perforation geometry. Results from the
tests on gravel-filled relief wells indicated that these wells have a very low discharge
efficiency due to frictional resistance created by water flowing upward through the
gravel. The investigators also pointed out that the effect of friction and the resulting
velocity head losses in the riser and discharge pipes were an important factor in reducing
discharge efficiency.

Application to the Present Sudy: The Corps statement regarding the pack / aquifer ratio
will be reviewed since pack/ aquifer ratios are an important objective of the present

studly.

. City of Elizabeth, North Carolina. Shallow Wells tapped Dismal Svamp for City Water
Supply. Engineering News Record, 133; 644-6 November 16, 1944.

Major Findings. the City of Elizabeth, North Carolina, undertook a study in 1944 to
determine the most effective design of production wells. Mg or problems were occurring
with well operations due to entrance of fine sand into the distribution system, as well as
clogging of well screens. Experiments were undertaken with severa types of gravel
packs and screens. Their magjor conclusion was that the best type of screen was a sotted
screen number 20 (.020 inches), combined with a gravel pack size ranging from 1/16 to
1/8 inch in diameter.



Application to the Present Study: Study results may have been optimum for the particular
aquifer conditions near Elizabeth, North Carolina, but the findings do not hold for all
different wells, aquifer conditions, and materials.

Bennison, E.W. Groundwater, Edward E. Johnson, St. Paul, Minnesota, 1947.

Major Findings: One of the most influential statements regarding flow of water into well
screens can be found in Bennison’s book in the chapter, "Hydraulics of Wells'. The
following is a direct quotation from that chapter: "Our opinion is sufficient open area
should be provided to keep the entrance vel ocity down to 0.10 to 0.25 feet per second. A
conservative figure would be 0.10 ft. per sec. After allowance was made for the portion of
the open area that would be blocked off by formation particles.”

Bennison failed to state, however, what major experimental or theoretical work was ever
done to back up his statement of entrance velocity. Unfortunately, many important
reference books still blindly use his work by quoting the figure of 0.10 ft/ sec as the
maximum entrance velocity.

Application to the Present Sudy: Bennison's statement regarding entrance velocity is one
of the major objectives of the present well / aquifer model study - not particularly to
prove or disprove his numbers, but to objectively establish criteria between optimum well
design and entrance velocity. A very rigid statement such as Bennison’s cannot be
applied to every aquifer/ well combination.

. Corey, G.L. Hydraulic Properties of Well Screens; Master of Science Thesis, Colorado
Agriculture and Mechanical College, Fort Collins, Colorado, 1949.

Major Findings. Corey built an experimental tank consisting of a 2 ft section of well
screen surrounded by a 2 ¥4 ft gravel envelope encased in a6 ft circular tank (see Figure
1%). The well screen was 12 inches in diameter. With this apparatus, Corey measured
entrance losses through different screen/ gravel combinations. Several major conclusions
resulted from his investigations:
1. The screen must be made of a
noncorrosive material if the well .
isto have along life. 2. The n:
screen must be sufficiently strong
to prevent collapse. 3. Cost of S
=
!
3

the screen must be acceptable. 4.
Screen openings and gravel pack

must be such that the well will b

not pump sand. L 1 EL R Mt j

[s] i N & 2 ‘=
Corey made a significant | *w S f
contribution with his statement 5 s, i N
that above a certain perforated ?_@ ‘ @
open area (approximately 15%) ju— I+ =
head losses through well screen e

are minimal for a constant

. . Fig. I’ — Experimenral tank used by G. L. Corev (1949)
discharge (see Figure 2%). ' P
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Fig. 2" — Head loss vs screen coefficient (Corex 1949

Application to the Present Study: Corey’s findings are quite significant, and he was one
of the first to mention the importance of structural strength of a screen as an important
design factor. Corey also made a very important point regarding a limiting percentage of
screen open area. Thiswill be carefully examined with the model.

Lockman, J.R., Rohwer, C. Selection of Gravel Pack for Water Wellsin Fine, Uniform
Unconsolidated Aquifers. Unpublished Progress Report - Irrigation and Drainage
investigation of the Agriculture research Service, Fort Collins, Colorado, 1954.

Major Findings. Lockman ran a series of tests on uniform aquifers and gravel packs at
Colorado State University. His model consisted of a 6 in. plastic tube fitted with screens
to hold the pack and aquifer materials. The discharge amount of sand moving through the
screen, and head readings aong the flow paths were measured. Criteria were established
for various pack/ aquifer combinations based on piezometric head changes in the model
and the amount of aquifer that moved into the gravel pack during the test. Results from
Lockman'’s investigations indicated that the amount of aquifer material moving into the
gravel pack varied directly with velocity of water through the aquifer pores, aquifer
hydraulic gradient, and pack/ aguifer ratio. He also found that, at low pack/ aquifer ratios,
very little sand movement occurred, regardless of entrance velocities. Pack/ aquifer ratios
of 11 to 12 showed sand movement increasing rapidly with increasing velocity. Pack/
aquifer ratios of 5 and below demonstrated that, regardless of pore velocity, little or no
sand movement occurred (see Figure 3Y).
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60% passing size to the 10% passing Fig. 3' = Sand moved vs entrance velocity (Lockman 1954)
size of the material. Halderman stated that a material with a higher uniformity coefficient
would have smaller interstices than one with alower uniformity coefficient. Since size of
the interstices controls sand movement, a graded material could be expected to form a
more effective sand filter than a uniform material. Halderman a so corroborated
Lockman’s results regarding pack/ aguifer relationships and found that a pack/ aquifer
ratio of 8 bordered on instability for uniform materials.

Application to the Present Study: Halderman contradicts many previous investigators
with his statement that a well graded gravel pack would form a more effective sand filter.
Thisis significant and will be
investigated in this study.

PLAN

Kruse, G. Selection of Gravel Packs
for Wellsin Unconsolidated
Aquifiers, Technical Bulletin No. 66,
Colorado State University, March
1960.

Major Findings. Kruse studied the
problem of well design using a 45°
wedge-shaped plexiglass moddl (see
Figure 4%). The modd was 6 in. high,
with a 30 in. radius. The tip of the
wedge represented the center of a 12
in. screened irrigation well,
surrounded by a9 in. gravel pack. ELEVATION
Kruse used continuous slot well
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Fig. 4' — Wedge-shaped model used by Kruse (1960)
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screen with 0.040- inch openings. A 16 ft. head was imposed on the model and pressure
distribution measured using 16 piezometers. Discharges were quite small, ranging from %2
to 6 gpm. Kruse found that when uniform gravel packs were used with uniform aquifers,
9.5 was found to be the maximum stable pack/aquifer ratio. For pack/aquifer ratios
between 4 and 12, sand movement increased in proportion to the pack/aquifer ratio. At
pack/ aquifer ratios of 15, a definite failure occurred and at pack/aquifer ratios of 20 to
25, a continuous movement of the aquifer could be detected visually. A large channel was
eroded through the aquifer before the first 30 minutes of the test had ended.

Kruse's main conclusions can be summarized in the following points. 1. Less aquifer
movement occurs with a non-uniform pack than with a uniform gravel pack at the same
pack/aquifer ratio. Uniform gravel packs are those having uniformity coefficients from
1.3 to 2 and non-uniform gravel packs have uniformity coefficients from 3to 5. 2. At
low pack/aguifer ratios, increasing the uniformity coefficient increases the initial sand
movement. 3. At high pack/aguifer ratios, increasing the aquifer uniformity coefficient
decreases the sand movement. 4. Surging reduces the head loss at the interface
significantly.

Application tot he Present Sudy: Kruse's results are very significant in that they point out
arelationship between pack/aquifer ratio and uniformity coefficient. These factors seem
to play an important part in aguifer stabilization and will be tested in the model.

Terzhghi, K., and Peck, R.B. Soil Mechanics in Engineering Practice, New Y ork,
John Wiley and Sons, 1948.

Major Findings: A filter to control seepage under dams was patented by Terzhghi
in 1921. His filter criteria were as follows:

D Alter) Ci Dy ( filter)
Do 5ail) L s (aamil)

Application to the Present Study: Terzhghi’s criteria are similar to the Corps of
Engineers criteria established as a result of the Mississippi levee study (1942). His
work represents another independent study on the importance of pack/aquifer
ratios to aquifer stability.

Bertram, G. E. An Experimental investigation of Protective Filters, Sail
Mechanics, Series No. 7, Graduate School of Engineering, Harvard University,
1940.

Major Findings. Bertram ran a series of tests on samples of Ottawa sand and
crushed quartz. He concluded that for materials of 50% compaction, as defined by
Terhghi, the following results were valid: 1. Terzhghi’s criteria were sound and
provide a reasonable margin of safety. 2. Critical pack/ aquifer ratios are
practicaly independent of grain shape. 3. Critical pack/ aquifer ratios are fairly
constant for hydraulic gradients ranging from 6 to 20 (the range investigated).

Application to the Present Sudy: Bertram’s findings (especially Item 3) will be
examined in the present study.



15. Karpov, K.P. The Use of Laboratory Tests to Develop Design Criteria for Protective
Filters, A.S.T.M. Proceedings, Volume 55, 1955.

Major Findings. Karpov developed tests on uniform graded filters and concluded that the
ratios ranging from 5 to 10 were found to be satisfactory for uniform materials. Karpov
also recommended that the particle size distribution curve of the filter should be
approximately parallel to that of the base (aquifer). His statement regarding the gravel
pack curve paralleling the aquifer curve is interesting and contradicts Halderman and
Lockwood' s work.

Application to the Present Study: Karpov's work regarding pack/ aquifer ratios will be
tested.

16. Zangar, C.N. theory and Problems of Water Percolation; Engineering Monograph No. 8,
U.S.D.I., Bureau of Reclamation, Denver, Colorado, 1953.

Major Findings. Zangar found, using electrical analog models, that the effect of a well
screen on a partially penetrating well under laminar flow conditions would reduce the

effective diameter of awell according to the ratio of the area of perforations to the total
cylinder wall area.

Application to the Present Study: Zangar's work is mainly theoretical and will be studied
in the theoretical analysis of results.

17. Vaadia, Y., and Scott, V.H., Hydraulic Properties of Perforated Well Casings;
Proceedings of the A.S.C.E. Irrigation and Drainage Division Paper, 1505, 1958.

Major Findings. Vaadia and Scott did some theoretical work on different types of well
screens. Their conclusions stated that, for a given length and screen diameter, open area
was a mgjor factor in head loss. However, for gravel packed wells, head loss decreased
with increased uniformity, roundness, and grain size of pack material. They devised a
procedure for estimating head loss based on screen diameter, slot size, and patterns of
screen commonly used in Caifornia.

Application to the Present Sudy: Their statement that open areais a mgor factor in well
head |oss and decreasing head loss is a function of uniformity will be examined by use of
the model.

18. Wen, H.L., Interaction Between Well and Aquifer; A.S.C.E. Proceedings No. 578, 1954.

Major Findings. Wen performed a theoretical analysis of head loss across well screen
sections, arriving at three main conclusions. 1. Formation loss is divided into two main
components. a) Oneis similar to the velocity head in the well near the discharging end;
b) The other is roughly equal to that obtained when the assumption of uniform
piezometric head is assumed along the surface of the well screen and casing. 2. Velocity
distribution in the aquifer obtained by assuming a uniform piezometric head along the
well is accurate for practical purposes. 3. Loss of head through the well screen is usualy
negligible, and what is usually considered to be well screen loss is actually loss caused by
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the variation in piezometric head along the well.

Application to the Present Sudy: Wen's work is significant. He states that 1oss through
the well screen is negligible, compared to loss caused by variation in piezometric head
along the well. One of the objectives of the present model investigation will be to try and
define the head loss components and their magnitudes.

Soliman, M.M., Boundary Flow Consideration in the Design of Wells; Journal of the
Irrigation and Drainage Division; Proceedings of the American Society of Civil
Engineers; March 1965, IR 1.

Major Findings. Soliman performed a laboratory and theoretical investigation of awell
system. In his model (see Figure 5'), a50 cm by 50 cm tank held a 90° section of an
aquifer. His main conclusion regarding well screen design stated that most water enters
near the discharging end of the screen. Maximum entrance velocity cannot be greater
than the safe value above which cavities will be built up on the screen openingsin the
zone. He applied entrance velocities thirty times greater than Bennison's 0.1 ft / sec
without any harmto the
well material. Soliman

. B -
proposed that, once [ > , “D soor-m— :ﬁ“

maximum velocity is Seil]
known, the maximum

length of screen can be
caculated. This 5 em P Well
maximum screen length *n” Cosets of prarometric hotes
need only be equal to SECTION A-A
40% of the maximum mala
saturated thickness of the Sampe of well for
well, and the additional (revem )
screen length can be —— ] =
eliminated or substituted [ Flow stabiizer ~y. i~ Hook gage
by a gravel medium o v el
h)a/wi n% more than 200 ""'“"'% Sterion 6-8

times the aquifer G toase

hydraulic conductivity. Fig. 5' - Soliman’s model (1965)
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Application to the Present Study: The most significant finding in Soliman's work is that
entrance velocities of 3.0 ft/ sec (30 times Bennison's proposed upper limit) were used
without any undesirable effects. This clearly suggests that entrance velocity alone is not
the critical design factor. However, Soliman's statement regarding elimination of the
lower 60% of the agquifer material and replacing it with highly conductive gravel seems
incomplete, in that he does not consider the effect of increased head loss due to partial
penetration effects, as well as head loss due to vertical movement of water upward
through the gravel pack.

transactions, American Society of Civil Engineers; Paper 2755, Volume 120, 1955.

Major Findings. The authors developed theoretical relationships based on continuity,
momentum, and energy equations. Assuming that viscous forces are much smaller than



inertial forces, the Reynolds number is not significant. They also assume that drag in the
well screen is amost entirely the result of the influence of the jets of water issuing from
the screen openings, and that the roughness coefficient of screen itself can be neglected.
Based on these assumptions, they proceed to derive their basic relationship involving the
loss coefficient, which is defined as the head |oss across the screen:

cL
D

Vatue of

ol

o001

Ak, COSH(CL/D)+1
O 1 A*g  COSH(CL/d)-1

where

A,
O* A .
£ = |oss coefficient
hy, = difference in piezometric head between the inside and outside of
the screen
C =11.31ApCs
Ap = Percent open area of screen
A = Cross sectional area of screen
Cs = Screen coefficient
L = Length of screen
D = Diameter of screen

The screen coefficient Csis

obtained from the plot of

= ] ' CL/D versus the loss

coefficient. This plot also
shows that for CL/D values

greater than 6, the loss
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coefficient asymptotically
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approaches a minimum value

of 2 (see Figure 6). The
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reason for thisis obvious:

Ve

When CL/D increases, the
valueof T 1 compared to the

\-—r” £q. 16
!

value of the hyperbolic cosine

H——F

term becomes insignificant.

i : Their test apparatus consisted

| of acircular tank 6 ft high

e O and 7.5 ft in diameter (see

| Figure7%). The12in. well

screen is surrounded by a 2.5

ft gravel pack. The remaining

areais surrounded by water.

Discharge through their

model ranged from 56 gallons

& - U per minute to aimost 900

————-~ gallons per minute.

Fig. 6' — Plot of CL/D vs loss coefficient (Peterson 1955)
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Their main conclusions are summarized as follows: 1. CL/D must be greater than 6 for
minimum well screen loss. 2. If CL/D>6, loss through the well screen isindependent of
gravel size, and therefore the pack can be selected on the basis of sand control. 3. When
CL/D>6, actual head loss for a given discharge depends only on the diameter of the
screen. An increase in the diameter may reduce the value of CL/D below 6 and in this
case the loss will no longer be a minimum. When this occurs, CL/D can be increased by
using alonger screen. 4. The greater part of the flow in awell takes place over the length
of the screen, measured from the discharging end of the well, that is required to obtain a
value of CL/D = 6. The quality of this section of screen is therefore of greater importance
than that of the remainder of the screen.

Application to the Present Sudy: The authors have done a significant amount of work in
testing well screens. However, many comments regarding this paper point out that the
authors results are afunction of the geometry of their particular model and the materials
used in the testing. Also, the author ignored the effect of the convergence of flow lines
and associated increasing head loss due to partial penetration effects. The model will test
the design criteriain this report and study the statement of CL/D>6.

21. Tison, G. Discussion of the Effect of Well Screens on Flow into Wells; Transactions of
American Society of Civil Engineers; Paper 2755, Volume 120, 1955.

Major Findings. Tison has reported on studies made in the hydraulic laboratory at the
University of Ghent in Belgium. There, investigations were made using a horizontal
experimental well/ screen model. A well screen element 2.6 ft long with a 1.93 in. inside
diameter was placed along the horizontal axis of asteel cylindrical tank which was 2.74 ft
in diameter and 3.81 ft long. Investigations were then made concerning filtration velocity
and severa conclusions were reached. Tison stated that if the Reynolds number (inertial/
viscous forces) is less than 5, then discharge is proportional to the difference of
piezometric head between the inside and outside of the screen.

Application to the Present Study: This relationship between Reynolds number and
filtration velocity will be studied in the theoretical analysis of the present model
investigation.



22. Johnson, A.l., Maston, R.P., and Versaw, S.F. Laboratory Sudy of Aquifer Properties
and Well Design for an Artificial Recharge Ste; U.S. Geological Water Supply Paper,
1615-H, 1966.

Major Findings: the investigators utilized the criteria established by the Corps of
Engineersin their previous work on pack/ aquifer ratios:

Dys(filter)
Dgs (finestsand) < 4 or max sability)
Dys( filter)
Dys(coarsestsand) >, (for max permeability)
A permeameter cylinder (see Figure F o8 s 4
8') was built measuring 10.3
centimetersin diameter and 17
centimeters high. Screen material was - SeEEZZIIIZ :::FF'D :
placed on the bottom of the cylinder. — AT R T T
Overlying the screen were 8.6 - °d
centimeters of filter pack and 8.8 fap ¥ 28
centimeters of aquifer material. Aquifer tnavevial i ' B8 cm
Laboratory tests showed that an e 1
improperly designed filter pack could ~ 1
result in plugging by fine particles o intertace B 40 4
penetrating from the aquifer. Tep 0
However, it appears that the greatest 7 L
permeability decrease might be Tae Filter pack 1 8.6cm
caused by compaction of the filter R
pack as adirect result of surging e _]_
action from well development e Soeen . 1 1
procedures or alternating recharge/ T ::::i'_’___“l_ﬂm
pumping cycles. I —

Fig. 8 — Experimental model used by A. I. Johnson (1966)

Application to the Present Sudy: The results of this paper point out the importance of
proper pack/ aquifer ratios as well as development procedures. These will be studied in
detail.

23. Johnson, E.E. Judging Proper Gravel Pack Thickness; Johnson National Drillers Journal,
Volume 27, 1955. Sand Sudies Can Improve Well Design; Johnson Drillers Journal,
Volume 34, 1962, Basic Principles of Water Well Design; Johnson Drillers Journal,
Volume 35, 1963.

Major Findings. These articles state that, for artificially paced gravel filters, a properly
graded sand and gravel pack, combined with a screen dot size which retains most of it,
will insure that the well will not pump sand. The author point out that removal of fine
sand or silt from the adjacent aquifer material through the well screen openings can be
accomplished by surging and bailing. Proper engineering of a carefully sized and placed
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gravel pack is therefore emphasized. Johnson pointed out that the filter pack need only be
afraction of an inch thick to successfully retain aguifer particles. However, athin pack is
very difficult to place in the field, and therefore a thicker one is necessary in practica
applications.

Application to the Present Study: Johnson's statement is quite general regarding pack/
aquifer ratios and does not propose any original relationships. The statement on minimum
thickness of a gravel pack, however, isinteresting and will be tested.

Kupay, M.T. Head Loss Measurement Through a Perforated Casing; Unpublished
report; University of California at Davis; Spring 1957.

Major Findings: Theoretical and experimenta procedures were undertaken with the
object of studying the efficiency and performance of various types of perforated casings.
The experimental procedure was similar to that used by Vaadia with some modifications.
Kupay's main conclusion corroborated the Vaadia- Scott research.

Application to the Present Study: These results will be used in checking the experimental
results against the theoretical analysis of flow of water into wells.

Carlson, J., U.S. Bureau of Reclamation. Personal Communications; Denver, Colorado,
June 1978.

Major Findings. Carlson is currently using a model that simulates awell / aquifer system.
The mode was built by the U.S. Bureau of Reclamation's hydraulic laboratory center at
Denver, Colorado. It consists of a 6 ft diameter vertical pipe 16 ft high, filled with sand.
A continuous slotted 12 in. well screen is placed concentrically in the center. Surrounding
the well/ aquifer pipesis an 8 ft square tank filled with water to provide the necessary
flow. Tests are now under way using this model to try to determine the relationship
between head loss and entrance velocity into wells.

Application to the Present Study: Some instrumentation techniques used in Carlson's
model (mainly the use of a continuous computer data logging Scanivalve system) will be
applied to the present model.

Williams, D.E. Complimentary Investigations of a Ground Water Development in the
Gorgan Plain Area of Iran; Limited Distribution; Report Submitted to the Ministry of
Energy, Department of Ground Water Affairs, Government of Iran; Payab-Louis Berger
Consulting Engineers; 1973.

Major Findings. Experimental research was undertaken by Agro-Water Consulting
Engineers, in cooperation with Irab Engineering drilling company, to develop sand-free
wellsin areas along the Caspian Sea coast in northeastern Iran. In this area, the problem
of fine sand production had not been consistently overcome, using conventiona
concentrical well screen and gravel pack design methods. Artesian pressures exceeding 2
atmospheres made installation and completion difficult. To combat this problem with
commercially available horizontal louver shutter screen, a two-stage gravel pack was



conceived. This design consists of an expanded metal mesh, 17 inches in diameter, placed
around a 12 in.screen. The annular space is filled with awell graded gravel pack. The
pre-packed screens are centered in the well bore (22 in. diameter), and the annular space
filled with a graded gravel pack using conventional washdown or tremie pipe methods.
Careful development of these wells produced sand-free water with high discharges and
low drawdowns. This pre-packed design has been successfully used for the past seven
years in Iran and has proven that sand-free water can be produced from fine-grain
aquifers with high entrance velocities if proper pack/ aquifer ratios are maintained.

Application to the Present Study: The results from these works will be tested in the model
and the effect of pre-packed screens versus non-prepacked studied.

Model tank Computer data [ogging

12 in. well bore with 6 fi Seanivalve used 1o record
aguifer Pressures



APPENDIX 11

Summary of the Initial 25 Tests on the Santa Barbara and Silverado Aquifers

SCREEMN ANUIFER WELL O OFEN ENTRANCE WELL SCREEN WL IN FRACT SAND ADUIFER R

TEST DATE TIME TYFE NAME GRAVEL FACK (GFHY AREA VELOCITY EFFIC. HEAD LDSS WELL SCREEN CODNC . K E
(%) (FT/SEC) %) (FT) (FT) OFEM (FPFM) GPFD/FT2 C
307 JANSB0 14 2 UFERFLO SANTA BARBARA MONTEREY #1 2.0 7.+40 0.009 ?9.95 0,02 S.446 0.50 0.7446 30. 1
21/FER/80 15122 WIRE WRAP SANTA BARBARA MONTEREY #1 2.0 34,00 0.002 9R.77 0.114 2.346 0.50 0.229 30. 2
2BSFEE/B0 10:44 MILL 5LT SANTA BARBARA HMONTEREY #1 2.0 074 0.0%92 98,84 0.46462 -0.03 0.50 0.217 30 3
2/HARSBO @128 BRIDGE SANTA BARBARA HMONTEREY #1 2. 4,80 0.014 99,92 0.034 13.43 0.50 0.035 0. 4
12/HAR/BO 17105 SUPERFLO SANTA BARBARA HMONMTEREY #1 2.0 7+40 0.00%9 ?9.89 0.055 8.45 0,50 1.192 30. -]
25/HAR/80 15114 FULL FLO SANTA BARBARA HONTEREY #1 2.0 3.40 0.020 FY.62 0.210 1.77 0.5 0.242 £ &
7/AFR/BO 15:30 RMC STD SANTA BARBARA HONTEREY #1 2.0 1.00 0.048 100.00 0.000 F.11 0.50 0.041 30. 7
14/HAY /B0 14129 SUPERFLO SILVERADD FOR MONTEREY #2 56.2 7440 0.259 %8.87 0.585 7.20 0.50 0.004 1000. 8
20/HAY /B0 15:04 WIRE WRAF SILVERADD FOR MONTEREY #2 58.4 34.00 + 058 98.45 0.815 4,32 0.50 0.138 1000. 9
23/7HAY /80 13:38 HMILL SLT SILVERADD FOR HMONTEREY #2 12.3 0.74 0,564 12.07 48.784 1.52 0,50 0.5946 1000. 10
30/RAY/80 9134 RWC STh  STLUERABO FOR HONTEREY 82 38,2 1,00 1,232 | 4931 37.436  2.87 0.50 0002 1000, 11
45 JUNSBO 11342 FULL FLO SILVERADD FOR MONTEREY #2 A5.0 2,40 0,451 97.87 1.145 2.41 0.50 0.013 1000. 2
&/ JUN/BO 12:23 BRIDGE SILVERADD FOR HMONTEREY #2 42,5 4,80 0.443 98.2 0.9156 3.7%9 0.50 0.010 1000, 13
10/JUL/80  15i22 SUPERFLO SILVERADD FOR MONTEREY #2 A9, 0 7440 0.317 100.00 0.000 1.85 0.50 0.005 1000. 14
12/0UN/8B0 103159 WIRE WRAP SILVERADD FOR MONTEREY #2 48.0 34,00 0.068 99 .65 0.174 1.75 0,50 0.003 1000. 15
147 JUN/BO 11:04 HILL SLT SILVERADOD FOR MONTEREY #2 9.5 0.74 0.437 F.44 299 2.56 0.50 0.000 1000. 14
18/JUN/BO 14150 HILL SLT SILVERADD FOR MONTEREY #3 72.0 0. 74 3.312 P8.55 0.785 2.56 050 0.005 1000. 17
23/ JUNFBO 15143 HMILL SLT SILVERADD FOR MONTEREY #3 4.4 0.74 B.9146 90.04 S5.410 2.70 0.17 0,004 1000. i8
25/JUNSBO 9132 RHC STD SILVERADO FOR MONTEREY #3 71.4 1.00 2.+438 78.89 0600 2.81 Q.50 0.011 1000. 19
257 JUNSBO 10:02 RHMC STD SILVERADD FOR MONTEREY #3 71.6 1.00 2,438 98.98 0.556 2.55 0.50 0.04%9 1000. 20
27/JUN/BO 93133 RMC STD  SILVERADO FOR MONTEREY #3 7208 1.00 7,435 92:11 4,140  4.56  0.17  0.004 1000. 21
27/ UNSBD 9152 RMC STD SILVERADO FOR HMONTEREY #3 72.8 1.00 7.435 ?1.56 4.483 3.791 0.17 0.021 1000 . 22
1/JUL /80 P43 SUFPERFLO SILVERADD FOR HONTEREY #3 76.3 .40 1.053 ?8.48 0.723 2.44 017 0.197 1000. 23
1/JULs80 10:42 SUPERFLO SILVERADD FOR MONTEREY #3 75.6 7.40 1.043 99.0%9 0,495 2.561 0.17 0.202 1000. 24
3/JUL/BO 102 FULL FLO SILVERADD FOR HMONTEREY #3 &£4.2 3.40 1.928 99.24 0.404 3.45 0.17 0.344 1000. 25
Fig. 16
Results of Regression and Correlation Analysis (Figs 17-23)
on the Five Significant Variables (Q, Ap, h, E, V)
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DISCHARGE » GFM EF=1CIENCY, X ? 0L 554 .90 .95 10,59 +##
DISCHARGE » GFM SCREFN LORS. FT 2 0. 755 E.B7 D.9% 1054  ¥44
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SCR CFEN ARERA X VELOCITYs FT/SEC 3 b.507 74,37 0. &3 20414
SUR DFEN AREA % EFFICTENCY s % 3 fra 342 BH. 3D 0. ha 5A.98
SCR TFEN AREA X SCRFEN LSS 1T 5 PG LR [ENET GHL 8 A
VEL T 1Y . F1/SED FFETDIRFNIY . ¥ 3 aLAHT e B 0. 74,38
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SCREEM LOESs FT DISCHARGE » EFH I 0,775 4,83 0,23 Fd.aq S 13
MELOCTITY e FT/AGEC SLR OFLN aRLA & 3 [OPRTe fA. 5L 049 Zold 4ER 4
EFFICTENCYy X GLK OFLM AkLA X i JOPR L He . 10 0.2% 71,40
SLHEEN LUSEs F 7 SLR OFEM AREA X I 0,343 A8.313 0.0 77.78
EFFLUCIENCY, % VELUCITY e FTAEELD I . 187 LTR3¢ 0,22 FOLET
GLHLEN LOSGEs 17 WELOCITYr FTASEC I 0. LHT Fé 50 0,57 FILEP
SCREEN LOGG, £7 EFFLICLEMCYy X k) 1,000 001 0,21 LT T
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Fig. 22
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Graphical Plots of Regression and Correlation Analyses (Figs 24-48)
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Graphical Plots of Regression and Correlation Analyses (Figs 24-48) — cont’d
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Graphical Plots of Regression and Correlation Analyses (Figs 24-48) — cont’d
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Graphical Plots of Regression and Correlation Analyses (Figs 24-48) — cont’d
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Graphical Plots of Regression and Correlation Analyses (Figs 24-48) — cont’d
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Basic Model Test Data from the First 25 Tests—cont’d
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FR- NN T

ENTRANCE WELDCIFY:  0,0920 FT/BEC

FRACTION OF FULL SCREEN UIAMETER OFEN TO AGULFERG

PERCENT

003 FT

UATER LEVEL IN IHE WEL

dELL EFFICIFMCY: 98,84 %

HEADS InN [ |

PRES S U

K E

12 13 14

e
49.21 AP.A0 S3.9% 43.57 43.27 44.50 19.18 1,52 1.91

TAP.26754017 55.14 44,17 44,41 45.18 33,68 0.74 0.73

31.71757.95 74.95 44,43 42,07 47.7%
T23710 53.00 54.30 44.10 39.74 41,75

FARTICLE LOUMT DATA
KOBNKERAR K RARTLRER

AVERAGE PAK1ICLE LUUNT CONCEWTRATION = 0.

HIAC CHANNEL SENS0R THRESHOI N Wo. FeRTICLES

HUMBF R LIAITIAIZRONS) + THRESHOLD
.

1 KL ETTS
2 75 B

3 130 3
- 1|0 o
E] 300 o
& 500 o

ROSCOE MOSS COMPANY ... WELLAOUIFER BODEL...KAW TEST DATA.....0A1A RECORD: 5
KRR

TEST WAME: WELL EFFICIENCY

TEST DATETD 12/7MAK/H0 TIAE: 17300 v

WCLL SCRCCH DETAILGE GUPERFLD

GRAVEL PACK DETAILS: MONTEREY #1

WELL DISCHARGE! 2.0 G TARUIFER K:

o e
E;‘FE;EE oc o .0.400';2 F'l}sl-:- T o o
FRACTION OF FULL SCREEN DIAFETER OPEN 10 AGUIFER:  a.s0
P TTOF TOTAL SZREEN SURFACE AREA JFEN TO FLOWE T
WATER LEVEL TN THE WELLY 8,45 FT
VELL EFFICIENCYT  99.0% T
PRESSURE HMEADS IN FT ABOVE P-DUCEGR

21-24 25-28 29-32 33-36

-4 -8 #-12 13-16 17-20 3790 41-99
S1.41 52.90% Pl A7.74 46.56 48.17 41.24 42,13 23.8B4 8.21 B.4%
51.50 55.02 55.63 48,14 47.41 48.13 41.01 40,4 §.90 8,48

44,83

43,94 54.83 55.40 44,85

ar A

=2.07 B4.17

S5.14 45,38 LETEESE T B L ]

FARTICLE COUNT DATA
ERREERR IR RS

DOUNT CONCENTRATION =

1.172 PPM

HIAC CHANMEL SENSOR THRESHOLD #D. PARTICLES
NUNBER | THTTERTEROMS Y > THRFRHI T
1 30 1197
2 75 ay
3 130 22
- 180 &
5 300 1
3 s00 3

TEST HAHES WELL EFFICIENCY

TFET DATF: 7/KAR/B0

TINFI #1720

T TRUDTFER K GPIAETZ

0.0142 FT/REC

ENTRANCE VELACITY:

FRAETION OF SULL SCREEN DAME TER GFEN T ABUIFERD  0.50
P a0

FEREENT 0F TATAL

WATER LEVEL IN THE WELL?! L3, AZ FT

HEAT (D88 ACRDES THE SCREEN:

T0.034 FT
TENEY )

RN

FoROE R N U R F HE ADS TH OFT ARNDUF P -NMUCFR

194 S-8 9412 13-16 17-20 21-74 25-28 29-32 33-34 37-40 41-44

53.24 53,52 55.55 49.20 44,87 47.78 41.43 42,01 3.04 13,41 13,72

540177540787 95048 a7 51 47,30 4B.00 41.27 43.64 30.44 13,1

PR

AT TV DALEF DLV 47,07 45,30 4577 3@.01 36,51 2350 13,47 13.86

=2.08 5574 B4.0%

AG.PU A3, AL ALLOR da.da 55,27 0

V8 1867 14,62

FARTICLE EOUNT GATA
LEIEC R L IERVERLE ST S

0.0%% PPN

SENSIIR THRESHOLL M. PARTICLES
LIKLT CHICRONS > THRESHOLD

S8R EE

FARTICLE I'fl'.IIINT CNHCFHTRATICN =

AUERAG

HIAL CHANNLL
HUNBER

9

75 1
130 o
183 o
oo 0
500 o

ER N,

ROSCOE MOSS COMPANY...MELL/AOUIFER ADDEL...RAW TEST DATA.....DATA RECORL: &
e

TEST NAMEI MELL EFFICIENCY

25/nRRED TINE: 1Jilé

TEST DATE?

WELL SCREEN DETAILS! FULL FLO

SANTA BARBARA FORMATION

AQUIFER HME :

GRAVEL PACK DETAILS! MONTEREY #1

UELL DISCRARD 2.0 o AGUTFER 30, oPDIFT2
ENTRANCE VELDGITY!  0.0300 FT/SEC

FRALTION OF FULL SCREEN LIAMCTER OPEN TO AOUIFER: 0.S0
FERCENT OF TOTAL SCAEEN SURFACE ARZA DFEN 10 FLOWS 3,40

WATER LEVEL IN THE WELL! 1.77 F1

HEAD LOSE ACROSE THE SCREEHD

GELL EFFICIENCY!  99.43 %

PRESSURE HEADS I[N FT ABOVE P-DUCER

1-4 3-8 ’:Ii 15-1& 17-20 21-24 25-28 2&:35-55:;6 3A7-40 41-4%
52.22 S2.00 55.11 47.05 45,47 46.47 28.97 39.51 22,15 1.81 2.00
57.31 S4.23 S4.R0 44.97 44.0% .;fQé'&SfEé'iéfEé'za.05"532"57??
32081753188 54,46 45,33 43.04 43.48 34.29 52,08 14,10 1.87 2,20
S2.06 33,19 D413 45,62 40,95 2,52 32,12 30,45 14,73 1.86 1.73

FARTICLE COUNT DATA
ELL AL 2T EETESE L]

AVERAGE PARTICLE COUNT CONCENTRATION = 0,242 PPM

SENS0R THRESHOLD

HIAC CHANNEL NO. FARTICLES

NUHBER LINIT{MICRONS) + TARESHOLD
ek
1 30 475
2 73 1&
3 130 1
a 180 Q
5 300 o,
& 500 @



Basic Model Test Data from the First 25 Tests—cont’d

ROSCOE ANES COMFANY. .. WELL/AQULIFER HODEL... kAW TEST DATA.....DATA RECORDY 7
AARARARRKRARAKY (T P T T PE T T PE P T

ROSCOE MDSG COMPANY, . .MELL/ADUIFER MODEL...RAW TEST DATA

vo...DATA RECORD: 8
ET T Kakaan .

TEST MAME! WEIL EFFICIENCY

TEST DATE: 7/&4PR/BO

WELL SC

EN DETAILS: &AC STD

ADUIFER NAME: BANTA BARBARA FORMATION

GRAVEL PACK DETAILS! MOMTEREY #1

TSCHARGL ! AGUTFER K1

ENTRANGE WELOGCITY

o.50

1.0D0

PERCENT OF TOTAL HCKEEN SURFACE AREA GFEN T0 FLD

UATER LEVEL TN THE WFLL: 9.11 FT

HERD LOSS ACKOSS THE SCREEM: 0.000 FT

WECL EFFLCIENCY: 100,00 %

FRESSURE HEa&aDSH TN FT AR OVE F-TUCEFR

5.8 9-12 13-16 17-70 21

4 I5-08 29-32 33-34

37-40 41-44
S0.&3 S0.9% L2.97 AL,02 3Y.07 40,87 51,13 31,HY 14.40 ¥.io Y.0H

50,69 51.70 52.74 41.74 40,95 41.85 32.53 31.98 21,87

2,35 8,51
9.47 S1.44 ST.TL 41.88 A¥.44 40.47 I1.44 30.07 17.37 R.4F  A.97
~1o®% D080 S2.11 41,00 JB.21 EF.75 30.73 2¥.54 1F7.40 B.HL H.84

PARTICLE COUNT TaTA
ERRENE AR KR

AUERAGE FARTICLE COUNT CONCENTRATION -

0. 0461 FFM

HIAC CHANNEL
NUHBEFR

SENSOR THRESHOLD NO. FARTICLES
LIMIT{KICRONS) ¥ THRESHOLD

1 ir
7%

130

1840

1o

s00

LY T
goooe!?

AOSCOE MOSS COMPANY.. .WELL/AQUIFER MODEL.,.RAW TEST DATA.....DATA RECORD: 9

Ll
TEST MAME: WELL EFFICIENCY

TEST DATE: 14/MAY. 80 TIHE: 143129

SUFEHELAU

ARUINCR HAMLt SILVORADC FORMATION

MNNTFREY #2

THAZ oRR

AOLIFER GFDAFTZ
A5 FT/SEC o T
U AGUIFE I
PF:RI. CNT OF TOTAL SCREEM 'H-J';EQC:E AREA OFEWN TO FLOMW!

UATER LEVEL IN THE WELLY 7.20 FT

AFAD LDSS ACRDSS THE SCREEN!

0,565 FT

FREGSSURE

HE ATDESg TN FT 4 B DUVE F-DUCER

(BT
[T

Fo10 13-14 17-20 21--24 25-28 29-30 3X-14 37-40 41-44

tox ere
50,05 50,15 50.44 40,20 40.97 41,68 34,94 31,93 2334 7,34 7.32
_40.6‘? 49 .35 50?5:) 3%.21 A40.87 40.15 3IT.51 I1.Hd D2 S.47 .

50,07 4905 40,41 9,48 40,47 34,19 11,85 20,47 7.45 7.7

AR.FE AF.70 AT .04 41.F4 AC.40 40.28 31,78 32,17 19.43 .70 7.7

FAKTICLE COUME DATA
AREEREEEAREEXRANANE

0.004 FPM

HIAL CHANHEL SENSOR THRESHDLD HO, FARTICLES
NUMBE R LIMIT(MICRONS) » THRESHOLD

P Ak FYPTT PerTTY

b b =

X 75 o

k] 1350 @

4 180 o

=) 00 o

& 00 L

ROSCOE MOSS COMPANY .. WELL/AGUIFER HUDEL . ..HAW JTESE VATA.... . DATA RECORDE1Q

TEST MAME: WELL EFFICIENCY

TEST HAHE; WELL EFFICIENCY

TEST DATED 20/HAY/80 TIME! L15!0&

WELL SCREEN NETAILS: WIRE WRAP

AQUIFER NAME! S1LVERADD FORMATION

G;;GEL FACK DETAILS[ MONTEREY #2

UELL DISCHARDE:  S8.4 GPM AGUIFER Ki  1000. GRE/FTZ

ENTRANCE VELOCITYE o.0585 FT/S5EC

FRACTIDN OF FULL SCREEN DIAMETER DFEN TO AQUIFER:

PERCENT DF TOTAL SCREEW SURFACE AREA OFEN TO FLDW!

WATER LEVEL IM THE WELL: 4.32 FT

HEAD LOSS ACROSS THE SCREEMW! 0.815 FT

VELL EFFICIENGY:  78.45 &

FRESGEURE HEADS I FT ABREOVE F-DUCER

-1t 13-14 17-20 2;—?4 25-08 I29-32 3A-34& IT-40 41-44 -

L4 5-8
FErEERETIIRTYY .

AR.T4 AE.RO 47,3R IB.50 38.46 IP.B2 32,51 29,00 18.53 5.18  4.45
38,20 47,41 48,72 17,31 39,00 F0.34 30.19 29,53 17.47 &.75  4.78

AF.h6 ABLLS AH. /Y AH.06 37,41 33,88 J0.FT 29.45 17450

47.28 48.1s 47.81 41,08 38.41 38,25 29,43 29.70 14.58 4.82

FARTICLE COUNT DATA

HRRROARRLRAR ERRE KK
;;EQ;EE_;;E;;EEE C-DUNT CONMCENTRATION = ¢.138 FFH
HEIAC CHANMEL GFNGMNR THREGHOLD MO. FARTICLES
NUNBER: LIMIT (MICRONS) > THRESHOLD
i FEEEFTE
: ) 257
2 75 10
3 120 1
4 1a¢ o
s 300 0
- 50¢ 0

TEST DATE! Z3/MAY/BO

13138

WELL BCREEN DETAILS: AILL SLT

BRUIFER WAME! SILVERADD FORNAT ION

GRAVEL FPACK DETAILS! MONTEREY #2

[ TTSCHARGFE  12.3 BFM AGUIFER K 1000, GPD/FTZ

ENTRANCE VELOCITY: 0. 54859 FTJ"BE’C

FRACTION OF FULL SCREEW DIAMETER OFEW TO AQUIFER!

HEAD LOSE ACRDSS THE SCREEM: 48,

MELL EFFICTENCTY!

12,07 %

PRESSURE HE ADS TN FT ABOVE F=DUtCER

1-4 S-B

9-10 13«14 17-20 21--24 D5-3F ZP-31 33-34 X7-40 4i-44
Py TR EVEFEE PR b Fis fids Ty
Sé.48 E4.80 %720 55,02 $5.54 55.34 55,19 53,746 §2.346 S51.07 47.54

5398 52.7& S1.462 S0.20

53.42 52.14 SO 14 S0.45

53,59 51.B1 4¥.858 497.54

FAKTICLE COUNT DaTa

ARAERRERRERRAREAREE
AVERAGE FARTICLE COUNT COMCENTRATION = o.5%4 FFH
HIAC CHANKEL SENSOR THRESHILD HO. PARTICLES
NUMBER LIMITIHICKONS) * THRESHOLE

FARENARARARAS PN LRSI AENREAR KR FLTRRRNRLR IR Rk LR KLRAERTR

1 30 347

2 k] Fo

3 130 15

4 180 3

3 309 [

& =00 o



Basic Model Test Data from the First 25 Tests—cont’d

ROSCOE HOSS COMPANY...WELL/AQUTFER RODEL...RAW TEGT DAla.

e DATA RECORDILYL

ROSCOE MOSS COMPANY . ..WELL/AGUIFER MODLL...HAW TEST DATA.....bAlTA RECORD:12

TEST MAHE! WELL EFFICIENCY

TEST DATED 30/MAY/BO fIMET

WELL SCREEN DETAILS! RHC STD

ABUIFER WAME: G11UFRAND FORMATION

BRAVEL FACK DETAILS: MONTEREY #2

WELL DISCHAKGE T

262 GFM AGUTFFR KI 1000, GPD/FT2

1.2324 FT/SE

REEN MTAMETER OPE

PERCENT OF TOTAL GCREEN SURFACE AREA OFEN T0 FLOW:

WATER LEVEL IN THE WELL: 2.87 FT
READ LOSS ACROSS TH

" SCREENS 27.438 FT

WECL EFFICIENCY!  Av.31 %
FRESSURE

14 DY $-17 13-16 17-20 21424 29-28

MEADS W F 1 ABE0YE

=33 33 B6 N

t
53,44 51,02 SI.97 47,49 AT.AR 4B, 44 44,54 42,08 J8.40 32,7

53.51795.99 53.55 47.4% 48,58 48,01 43,84 43,78 30.28 13.35 31.06

173 79.13 29.77

44,03 42.90

52,88 53.82 52.04 AY.&Y 47.¥H 47.96 42,72 A2.%8 35.27 I7.87 27.59

PARTICLE COULNT DATA
SEELENRERERILLINEES

AVERAGE PAKTICLE COUNT CONCEN-RATION =

HIAC CHANNEL SEMSOR THRESHOLO 0. PAATICLES
HUNBER LINITtMICRONS } © THREOHULD
AN

1 I a

2 75 o

3 130 o

N 180 u

5 300 ]

& So0 9
KUSLUE M55 CORPANT. .  WELL-AOUIFER MODEL...RAW TEOT DATA..,..DATA RECORDILY

TEST MAME[ WELL EFF ICIENCY

‘r‘Ei ?-. 6;1‘ t T ASIUNSE0

AGUIFER NANE: SILVERADD FORNATION

HHAVEL PhDI\"l\El’ﬁILS" RONTEREY 4.

ARDE:  AR.D GPM

ENTRANCE VELOCITY: | 0.4308 FT/SEC

FRACTION OF FLLL SCKEEN DIAMETER OFEM 10 AOULFERS

.30
CREFNT OF TOTAL SCREEW SURFACE ARCA OPEN TO FLOW:  3.40

WATER LEVEL IN THE WELLD 2.41 FT

HEAD LOSS ACROSS THE 3 1165 FT

GELL EFFICIENTY: %) 87 7

PHESSURE HEADS IM FT ABNDUE P -

BIYD 1318 172 24 25-2

DuULER

4

SU.PE 45,13 47.%s 37,00 Jd.4% 30,72 29.88 27.31 16.048 3.54

3.17

T47.16" 46,35 47,75 34.25 37,80 Theze

S7006 2HLF0 28.T2 18432

28,01 15.34

&

49.47 47.40 36,94 34,35 37.21

28.13 14.59

24.78 15.12 19,

RS Ll

300 3.0

FARTICLE COUNT DATA
EEFETENEERLEARIRRIR

;;JEMGE MTIELE.EI].II-T CM‘I‘TQATlﬂ; .

0.013 PPH

HIAL CHANNEL SENSOR [HRESHOLD NO. PARTICLES
HUMEER LIMIT(MICRONS) " THRESHOLD
1 40 3z
2 74 o
3 130 ]
4 180 a
5 300 a
& S00 a

ROGCAF WOSE COMPANY. . .WELL/AOUIFER HODEL...RéM TEST

DATA. vs+ . DATA RECORDIL1A

TYTI]

TEST NAME! WELL EFF ICIENCY
TEET DATE: 4/JUNZRD

TIRE: 121923

WELL SCREEN DETAILS! BRITOE

TEST WAME! WELL EFFICIENCY

TEST DATED 10/JULA80 TINE? isioz

WELL BCREEN DETAILS: SUFERFLO

AGUIFER NAME! STLVERADD FORMATION

GRAVEL FACK DETAILS! NONTERCY 42

ARUIFER WAME: SILUVERADD FORMATION

GRAVEL PACK DETAILS: MONTEREY 42

WELL CISCHARGE:  A2.5 GPH ROUIFER K:  1000. GPDFFTZ2

OELL DISCHARGE: 9.0 GPN AGUIFER K1

1000. GPDSFT2

ENTRANCE VELOCKTYE  0.4433 FT/SEC

ENTRANCE VELUCITYS  0.3124 FT/SEC

FRACTION OF FULL SCIEEN DIARETER UVEN (0 AQUIFER: 0,50 ""  FRACTION OF FULL SCREEN DIAWETER NPEN 10 AOUIFER:  0.50

FERCENT OF TOTAL SCRECN GURTAGE AREA OPEN TO FLOW? a.me PERCENT OF TOTAL SCREEN SURFACE AREA GPER 10 FLOWE 3 40

UATER LEVEL TN THE WRNL: 3.7% FT - WATER LEVEL IN THE WELL: 1.85 FT "

HEAD LDSS ACROSE THE GCREENT 0.918 FT - WEAD LSS ACRGSS TAE BOREEN: 0,000 FT -

WELL EFFICTENCY - T N GELL EFFICIENCT: 106.00 % Trmmmmmmnees
PRESEURF HE&aDS IW FT aBOVE FRESEURE HEADS 1K F AKDUVE F-BUWCER

¥-12 13-16 1720 21-24 25-2

-4 5@ 32 33°38 37-10

50,55 45.33 4R.08 346,99 35.70 38.74 30,28 27.74 1247

17.08 34,40 47,93 32.40 37,97 37.41 29,37 29,04 17,07

4.01 4.23

7.20

"A9.4% 47.43 37.38 38.32 17.32 29.89 28.44 17.37

4.43 5.3%

47.13 46,11 37.47 37.21 36,40 78,19 28,47 15.38

4.51 F.590

PARTICLE COUMT DATA
RAEESTZIER TR LE L 2al)

AUERAGE PARTICLE ENIINT FONCENTRATION = 0.01C PPA

M, FARTICLES
* THRESHOLD

HIAZ CHANNEL
HURBE R

HENSOI THREGHOLD
L IMIT{NICKUNS }

30 2%
75
10
180
00
500

CUs -
L2 22

F=ODULCER

Ti-a T hTe

$-12 13-15 17-20 21-24 25-28 29-32 31 3£ 3730 41-44

47,85 47,06 47.25 35.52 35.69 37.42 27.37 26.44 17.80

47.2a 33,72 35,80 35.51 208,06 27,24 15.08

45.75 44.71 45.67 35.24 35.10 35.43 25.32 24.11 14.51

T32.76 44,92 45,21 38,40 34,90 34,87 26.70 27,11 13,77

PARTICLE COUNT DaTA

R T LT T
AVERAGE PARTICLE COUNT CONCEWTRATION = 0.0US PPM
HIAE CHANNIL SENSOR THREGHOLD ND. PARTICLES
HUNBER LINIT{HICRONS ) » THRESHOLD

1 30 12

2 S5 o

1 130 o

4 180 q

3 300 o

& 00 o




Basic Model Test Data from the First 25 Tests—cont’d

ROSCOE HOSS COKPANY...NELL/AGUIFER HODEL...RAW TEST ODATA.....DATA RECORDELS
TEST NAME: WELL EFFICIENCY

KOSCOE HOSS COMFANY. . JWELL/AGUIFER HODEL...RAN TEST DaTA.....DATA RECORD: 14
TEST MAME! WELL EFFICIENCY

TEST DATE! 12/JUN/80 TINE! 10159 )

TEST DATE: 14/JUN/80O TIME: (1104

WELL SCREEN DEVAILSE: WIRE WRAP

WELL SUREEN DETAILS! MELL SLT

ADUIFER MAME! SILUERADD FORWATION
GRAVEL PACK DETAILS! HONTEREY #2

AQUIFCR NAME! SILVERADO FORMAT 1NN

i‘ﬂML Mﬁ.ﬂ'lh]Ls! HONTEREY #2

WELL DISCHARDE @ §8.0 GFH AOUIFER

1000, GFDAFT2 7.5 oFn AOUIFER Ki  1000. GPO/FT2 )

ENTRANCE VELGCITY!  0.04B3 F1/8EC “To.a370 rissec

FRACTION OF FULL SCREEN DIAMETER OPEN 10 AQUIFER: 0,50
PERCENT OF TOTAL SCREEN SURFACE ARER OFEN 10 FLOW:  33:00
WATER LEVEL IN THE WELLI 1.75 FT

FRACTION OF FULL SCAEEN C1ANFIFR DPEN TO AOGUIFER!  ©0.%50

FERCENT OF TOTAL SCREFN SURFACE AREA OPEN T0 FLOWE 8,74
UATER LEVEL IW THE WELL: 2.56 FI
:K‘;i LOSS ACKOSS THE SCREENI 47.299 FT

HEAD LOUSS ACRDBE THE SCREEM! O.194 FT

VELL EFFICIENCY:  99.65 T :

MELL EFFICICHCY: 9,48 % 7 T

PRESBURE HEADS Ik FT PRESSURE HEADS I[N FT ABUVE F=-DUCER

1=4  5-B  9-12 13-14 17-20 21-74 25-208 29-32 33-34 37-40 A1-44 14 B8 9-12 1416 17-20 21-24 23-28 27 32 33-3& 37+40 41-44

B1.40 45.58 44.5& 3I5.33 35.01 34.86 27.07 24.01 12.8% 2,01 1.78

A3.14 44,26 46,47 33,14 35,05 34.88 27,31 24.85 13,01 2.31 2.03

57.81 57,35 57,20 S4.20 54.0% 54,13 S4.93 54.79 53.37 51.73 22.27

47,31 757,03 57.09 59.15 55.04 55,84 54,93 54,79 33.41 32,10 32,04

Ad. b4 A3, 41 44,47 34.49 34,32 J4.47 23,97 25,58 14,12 1.3% 2.4

55.95 56,67 B6.24 38,72 55,78 55,68 52,47 S4.14 33,27 31,88 51.78

AF.72 43,84 44,47 35.01 34.08 34.10 24.10 ?_&.M. 13-:(8 1,83 1.93

55.82 57.00 S6.71 55.94 33,43 53,43 S4.47 4.7 S3.19 51.57 S1.30

PARTICLE COUNT DATA PARTICLE COUNT DATA

EEISENERERERIRIENLE EOEEIERERANANRERIES
AVERAGE PARTICLE CUUNT CONCENTRATION = 0,003 PPN AVERAGE PARTICLE COUNT CONCENTRATION -  0.000 PPH
OR THRFSHOI « PARTICLES HIAD CHANWEL SENGOR THRESHOLD HO. PARTICLES

"l:ﬂ:ms::‘.‘"m- :““:I‘l |Ln :u A (1] MUMERER LIMIT{MICRONS) > 1 ]

1 36 7 1 30 o

2 75 [+] 2 ™ o

3 130 ] 3 130 o

. 180 a 4 180 a

5 300 0 s 300 o

& S00 o & =500 L]

ROSCOE MOSS COMPANY .. .WELL/AOUTFER MODEL...RAW TEST DATA.....DATA RECURD:17

ROSCOE MOSS COMFANY...WELL/AQUIFER MOMEL...RAW TEST DATA.. . DATA RECORD:LE
TEST MAME! WELL EFFICIENCY

TEST MANE: WELL EFFICIENCY

TEST DATE: 18/JUN/BO TIME! 14130

TEST DATED 23/.UN/80 TIRED 13143
UELL SCREEN DETAILS: WILL SLT st SRR RICL R - ———
ADUIFER NANE: SILVERADO FORWATION -

WAWE: BILUCRADO FORMATION

ORAVEL PACK DETAILS! HONTEREY 43

GRAVEL PACK DETAILS: MONTEREY 83
VELL DISCHARBE:  64.4 GFA

VELL DISCHA

i 72.0 GPH ADUIFER KI 1000, GPDSFTZ ADUIFER K3

ENTRANCE VELOCITY:  3.3124 FT/SEC

ENTRANCE VELOCITY!  @.9158 FT/BEC

FRACTION OF FULL SCREEN DIANETER GPEW 7O AQUTFER 0.0 FRACTION OF FULL SCREEN DIANETER DPEN TO RQUIFER:  ©.17 =
PEACENT OF TOTAL SCREEM SURFACK AREA OPEM TO FLOV: 074 PERCENT OF TDTAL SCREEN SURFACE AREA OFEW TO FLOW: 5,74

WATER LEVEL IN THE WELL! 2.98 FT

UATER LEVEL IN THE WELL: 2.70 FT T

HEAD LDSS ACROSS THE SCREEM: 0.783 F7 HEAD LOSS ACROSS THE BCRECHL  5.410 FT

VELC EFFICIENCT:  98.35 % . UELL EFFICIERCY!  90.08 X -

PRESCEURE HWEADE 1N FT BBOVE P=-DUCER

14 5.8 §-12 13-14 17-20 21-24 23-28 29-32 35-36 37-40 41-4s S+ et TN TET TR T ey
LAARELAERERIALLEX ERATAEARTNEN BABEER SIS RERLEETIISARNLRAIREE : 1-8  5-8 = 9-12 14-16 17-20 21-24 25 20 29-32 33-34 37-40 A1-44
$1.75 44.15 45.58 35,06 34,33 36,20 26,06 25.74 12.65 4.20 3.5¢

33,65 44.01 45,34 35.23 35.3s 37.18 2A.48 27.78 18,41 B.45

14,37 43,54 45,61 33.56 T4.61 34.35 27,31 26.57 15,01 3.88 3,83 -

43,97 42.94 44,00 34.08 3;-“ 34,31 24.00 25.44 1442 3.48 J.81

\B& 42,70 44,25 35.04 34.85 35,19 25,62 27,83 17.98 7.7

42,88 42,98 43,74 34.43 34.73 34.44 27.80 28.42 17,

CARTICLE COUNT DATA

s s e
AUERAGE PARTICLE COUNT CONCENTRATION = D0y PP AUERAGE FARTICLE COUNT CONCENTRATION = 0,008 Frh
HI:ENSE:N“L tg:zla?:"::::::?u :Giu:g;éf;zs "I:EHEE;N"EL :E:ﬁ?n;;:ﬁ::ﬁ“ :G;H;E;L;EBES
; 32 z(’) ; g 1;
3 136 a 3 ] 2
: 300 ° : 180 0
. =00 o H 300 ¢



Basic Model Test Data from the First 25 Tests—cont’d

ROSCOE MOSS COMFANY . .. WELL /AUUIFER HODEL, ..RAW TEST DATA. s+ DATA RECORDIIF
¥

TEST NAME! WELL EFFICIENCY....FLOW UPWARDS

TEST DATE! 25/I0N/80 TIHE: 9132

WELL SCREEN DETAILA: RNC STD

ATUTFER NAME: SILUERADD FORMATION

GRAVEL FACK DETAILS! MONTEREY 43

@il DISCRARGE: | 71.4 OFH ABUIFER Ki 1000, GPOsFTZ

ENTRANCE VELOCITY: 2.4375 FT/SEC

FRACTION DF FULL SCREEM DIAMETER OPEW TO AGUIFER

N1 DF TOTAL SCREEN SURFACE AREA OFEN TO FLOM3

WATER LEWEL IN THE WELL: 2.81 FT

WEAT LO3S ACRDSS THE SCREEN: 0,500 FT

WELL EFFICIEMCYE 78,89 %

FRLCSSURE HEADS IN FT ARLUVE F-DODUCER

103 TEe TTaT12 T (A 17-20 21-24 7528 29-32 33-34 37-40 41-43
]

L L
25,87 Z24.461 11,93

a1 3.3

54,73 42,83 44,65 3F.FF 35.14 35.29

37 A1 44,54 30078 33,41 4.21 2e.0F FH.2¥ 13,95 .44 3.31
42.75 #1.51 43.48 33,84 32,71 33,11 77.85 24,58 13.38 ENT
W71 41.84 4Z‘dé 34,15 30,45 I32.44 24,48 J5.3) 13.91 3.38

FARTICLE COWNT DATA
CRAREEEAEANTERAASLE

AVERAGE FARTICLE COUNT CONCENTRATION -

HIAC CHANMEL SENS50R THRESHOLE M. FARTICLES
HUMBEF: LIMIT{MICRONS) * THRESHOLD
i fEated sl
1 3 41
a 75 1
E] 130 ]
4 180 o
E 300 L]
& Se0 L]

ROSCOE MOGS [OMFANY.. WELL/AOUIFER MUODEL RAW TEST DATA.. WDATA KELUKLIZL

ROECOE MOS5 COMPANY .. WUELLAOUIFER HWODEL, .. Rad TEST DATA.....DATA RECORDIZO
LEa

Yy 1] ¥ *
TEST NAMEI WELL EFFICTEHCY...FLOW DOWMWARDS

TEET DATE: 25/JUN-80 TIMED LoT02

WELL SCREEM LETATLS! RMC 37D

AAUIFER NARE: SILVERADD FURHhTihN

GRAVEL FACK DEIAILS: HONTEREY 43

MFEF K3

1600, GRIAFTZ

GELT T NIBCHARBE! | 7146 GFM

EMTRANCE VELOCITY! 2. 4375 FT/GEC

FRACTION OF FLLL SCREEW DIAMETER OFEN TD AGUIFE

NT B TOTAL SEWEEW SURFACE AREA OPEN TG FLO

TIN THE WELL: Z.ES FT

HEAD LDBS ACROSS 1HL SCWEENG  0.556 FT

WELL CFFICIEMCY ! 9B.58 &

FRESZESURE HFE&abDS 1N FT AFOVE FP-DUCEFR

7712 13774 17-00.21-24 D578 29-32 33-35 47-40 41-4a

1-4  5-8
xx e

ST, 1L 82,51 44.58 33,26 32.97 35.00 25.73 24,53 L1.88 2,91 3,00
33,10 33,12 42,42 ¥2.19 33,76 XA.11 DR.Ea 25,11 13.49 3.32 3,00

42,65 41,45 13.35 12,79 32,57 33.00 22,70 24,42 13.16 3.01

.ﬁ;_si:.‘;‘}“.-ﬂé:iI_EZ-?'l 24,57 35,?2- .1;-6.1 da01

41,56 41,77 1

FARTICLE CONNT TaTa

EARERELRERITEINRIEE
AVERAGE FARTICLE COUNT CCNCEMTRATIIN 0.04% FPH
HIAL CHANNEL SEMS(h THRESHOLD Nil. FARTICLEC
WUKBE R LIKIT{HICROWE} » THRESHOLD
YEVER RNk

1 30 133

z kil 2

3 130 1

A 180 o

5 300 o

& 500 o

ROSCOE HOSS COMPANY. . .WCLL/ARUIFER HODEL...RAW TEST DATA... L DATA RECMROIT?

FTTa]1]

FREREEARX AR IR AL XN AREROR RS
TEST NAME: WELL EFFICIEWNCY FLOW UFUARLS

FEEFE

AN

TEST MAKE: WELL EFFICIENCY FLOW DDWMWARNE

TEST DATE? 27/1UN/BO TIME: 73133

UELL SCREEN DETAILS! RNC ST1

TEST GATE: 27/JUH/B0 TInE: 9i82

WELL SCREEN DETAILS! RWC &TD

AQUIFER NAHE! SILVERADD FORMATION

ARULFER ®AME: SILVERADD Fﬂli’NﬁTIDN

ORAVEL FACK UEVALLS! NONTEREY #3

UELL TI5CHARGET | 72.8 GPH ADLUIFER KT 1000, GFN/ZFTD

GRAVEL FACK DETAILG! MOMTEREY #3

WELL DISCHARGE!  72.B GPA AGUIFER Ri 1000, GPD/FIZ

ENTRANCE WELOCITY!  7.4352 Ff/8EC

ENWTRANCE UéLOCIIY: 7432 FT/SEC

FRACTION OF FULL SORCEM DIANETER OFEN T0 ARUIFERT  0.17

FRACTION OF FULL SCREEW DIANETER OFCH 10 AOUIFER:

FERCENT OF TOTAL SEREEN SUNFALE AREA DFEN TO FLOMI  1.00 e FERGENT OF TOTAL SCREEN GURFACE AREA OPFN TO FLOWE 1.00 -
WATER LEVEL TN THE WELL: 4.54 FT T . UATFR LFUEL [N IHE-HEL_L:"E.?I FT ‘

HEAD LOST ACROSE THE SCREFNT 4,140 FT o HEAD LOSE ACRQES THE SCRECR! 4.433 FT .

UELL EFFICIENCY: 1% B WELL EFFICIEMCYD  7L.38 %

FPRE3SURE HEADS 1 W FT ABHOVE F-DUTLER PREESESURE HE ADS Iw F T ABDVE F-DULCER

14 5-d F-12 16 17-20 Zi-24 25-28 29-37 3IZ-35 I7-40 A1-24
AEREEF TR A A AR
S5.85 4R.A1 AB.78 38,16 37.69 39.68 30.84 29,38 17,01 9,45 9.43
3716 45.78 a7.9: 34.4% 37.81 37,54 30.78 29,81 19.09 5,45 9.21
46.71795.36 26,90 37,07 3h.B6 A7.78 27.14 27,07 16.32 7.08  F.2B
TA5.15 45.57 48,72 30,31 34.59 36.51 39.1% 29,79 17.83 7,227 6428
PARTICLE COUMT DAT#A
AEAERER KRR KRR
AVERAGE FARTICLE © CONCENTRATIIN = ©.004 FFH
HIAC CHANNEL SENSOR THRFSHOL D NO. PARTICLES
NUMBE R L IMIT {MICRONS) i THRESHOLD
ARKKAAEE £ 23
L 30 17
2 75 Q
3 130 a
4 180 &
3 300 o
& S00 o

1T T5TE T3 713018 17-30 21-2a z5-78 29-32 33-35 37-40 A1-44
55,20 48.83 4B.86 38.05 705h T9rd9 B0.Z 29419 16,72 T.39 9.i7
37,31 %6.7% 47,83 36,64 17.75 37:43 30,55 29.00 18,84 F.15 8.90
44.27 A5.37 44.59 37,04 34.A4 I7.10 37.04 28,95 18.22 H.79 9‘0.5
45,78 95,96 45,00 38.10 38.45 36,38 28.74 29,44 17.57 4.81 5.87

FARTICLE COUNT DBATA
AERAKDKEK AR FIETEES

0,021 FFA

AUERARE PARTICLE COUNT COMCENTRATION =

HIAC CHAWNEL
HUMEBER

SENSDR THREEHOLD MU, FARTICLES
LIMIT{AICRONS) » THRESHOLD

au
3 &
75

130

180

300

300

[T R
S @ s



ROSCOE HOSS COMEANT. .. WELL AGUIFER HODEL...KAW TEST DATA. ..+ DATA RECORDGZD ROSCOE MOSS DOMPANY. . WELL 780UIFER HODEL .

Basic Model Test Data from the First 25 Tests—cont’'d

TEST NAHE! WELL EFFTCTEMCY

FLOW UPWARDS

R TEST DATA.,...DATA RECOKUTZ4

TEST NAHME: WELL EFFICIENCY FLOW DOWNWARDS

TEST DATEY 1/JULs80

WELL SCREEN DETAIUS? SUFERILO

TIME: 7:43 TEST NaTF

EYATY . TINE: 1642

WELL SCREEN DETAILS! SUFERFLD

AQUIFER NAMED SILVERALIU FURMA

GRAVEL FACK DETAILS! MOMTEREY

Aal

GRAVEL K DETATLE! WOMTCREY #3

WELL DISCHARGEY  7&.3 GPM

ENTRANCE VELOEITY:

110531 Firsec

AGUIFER K& 1000, GPD/FTZ UELL DISCHARGE! 75,8 GPA ABUIFER KD 1000, GEOVFTZ

ENTRANCE VELDCITY!  1.0434 FT/SEC

FRACTION OF FULL SCREEN DIARETER UPEN [0 ABULFERE 0417 FRACTION OF ©ULL SCRELM ULAMETER UFEN 10 AGUIFERT 0,17

PERCENT OF TOTAL GCREEN SURFACE AREA OPEN TO FLOWE 2,40 777 FERTENT OF TITAL SCREEN S ER

WATER LEVEL IW THE WELL: 2.44 FT T WATER LEVEL IN THE WELL: 7.41 FT T

HEAD 0SS ACROSS THE SCREEN: 0,723 FT T ERD LDS5 ACRASS THE SCREENF Te.asE FT T TTTTTTTTTTTTTITOOS
WELL EFFICIENGY:  98.68 X WELL EFFICIENCT:  #9.07 % o T
PRESSURE HEADS IN

T A BOVE F-DULNER PRESSURE HEADRS IN Fr ABOUE F-TUEFFR

1A 8 9-12 11-14 17-20 P1-74 25-28 29-32 33-34 37-40 41-44 5 17-20 21-24 25-3@ 29-31 31-4z 37-40 41-44
axEEEREy ik - P -

55.23 42.9% 44,37 31.23 32,74 35.14 25.37 24.12 10.74 3.74 3.12 SA.BS 47,99 44,34 T3, 10 32,70 35,10 25.40 24,08 10.727 I.S4  2.90
T43.01 42,37 44,26 F1.93 33.07 22,86 25.47 24,88 13.31 3.28 2.87 T42.80 2,22 84,14 I1.87 13,07 30,70 05,46 24.87 1318  4.ar @, H
T32.38 41.00 43.04 33.48 32.24 33.52 23,44 23,85 12.43 2.97 3.18 42,28 41_.1;2 43.04 3D, 44 332,07 32,54 22,47 zg‘n;_;:."(‘)“z.m

41,40 41.50 42,16

33.63 31.

23.99 24,42 12,11 3.13 3.19 41,36 41,49 42,21 33,62 31,96 31.87 23,89 24,42 12.1% 3.06 .10

FARTICLE COUNMT Dala

FARTICLE COUNT DATH

EEEEREREERRRNEE KRN KR E1ET L E] AEREEAR KD
AVERAGE PARTICLE COUNT CONCENTRATION =  0.197 PP AUERAGE PARTICLE COUMT CONCENTRATION = 0.252 PPH
HIAC CHANNEL SENSOR THRESHOLE N0, PARTICLES HIAC CHANNEL SENSOR THRESHOLD WO, PARTICLES
RUMBER LIMIT{MICRONS) > THRESHOLD NUMBER LINTTOHICRONS) > THRESHOLT
o EEEREERERL T

1 30 380 1 30 134

2 5 28 - % 14

z 130 10 3 130 &

4 180 2 4 180 3

5 300 Q g 300 1

4 500 0 # 500 o

ROSCOC HOSS CORFANY, . WELL /AQUIFER MODEL sr+RAW TEST DATA. ..« DATA RECORDG LS
T " "

TEST MAHE! WELL EFFICIENCY

TEST DATE! 3/.JUL/BO TIAE: %102

WELL SCREEW DETAILS! FULL FLa

AGLIFER MAME: SLLVERADD FORMATION

GRAVEL FACK DETAILS! MOMTERET #3

WELL DISCHARGE:  64.2 GFH AGUIFER Wi  1000. GRN/FTZ

ENTRANCE VELOCITY:  1.3285 FI/8EC

FRACTION OF FUI.I. SCREEN DIAMETER OFEN TD AQUIFER: -0‘17

PERCENT OF TOTAL GCREEW BURFACE AREA OFER T0 FLOWT 3,40

WATER LEVEL IN THE WELL: 3.45 FT

HEAD LOSS ACROSS THE SCREENI 0.404 FT

WELL EFFICIENGY: 97,28 %

FRESSURE HEATDS LN FT ARDVE FP-DULCER

-4 5-B  9-12 13-14 17-30 21-24 15-28 29-32 33-16 37-40 41-44
TS %

T3 44,95 46,01 34,37 34,04 36,20 26.52 25,03 11.42 4,47 4,33

44,33 a3.58 43,34 33,04 14,14 33,86 2a.32 55,54 13013 %015 3.z

43,01 42T 4010 33,54 33,14 TT.60 2F,.0

N

29,69 13.18 4.01 3,89

"42.297A2040 43,18 3a.58 32,84 32,70 14.88 25,81 13.12 3,93 4,63

PARTICLE COUNT EATA

REEAREEREEIXEXRIEN Y
AYERAGE FARTICLE COUNT CONCEWTRATION =  0.34% PEM
HIAC CHAMNEL SENSOR THRESHOLD ND, PARTICLES
HUNEBER LIMITC(HICRONS) » THRESHOLD
e

L 30 74

2 i3 11

3 130 4

4 18¢ a

5 300 2

& 500 1
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HEAD ABOVE P-DUCER REFERENCE LEVEL, FT
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APPENDIX IV

Semi-L ogarithmic Plots of Water Level vs. Distance
for Initial 25 Tests (Figs 49-73)

ROSCCE MOSS COMPANY . . WELL/AQUIFER MODEL
PIET LATER LEVELE VS. DISTANCE FROM CENTER OF WELL

EFFERTIVE WELL WAULUSE 7 a8 INCHES
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L

- -
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Ll L e )
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ROSCOE MOSS COMPANY. . WELL/AQUIFER MODEL
PIEZ UATER LEVELS VS. DISTANCE FROM CENTER OF VELL
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HEAD ABOVE P-DUCER REFERENCE LEVEL, FT

FT

HEAD ABOVE P-DUCER REFERENCE LEVEL.

HEAD ABOVE P-DUCER REFERENCE LEVEL, FT

Semi-L ogarithmic Plots of Water Level vs. Distance
for Initial 25 Tests (Figs 49-73) —cont’d

ROSCOE MOSS COMPANY . . WELL/AQUTFER MODEL
PIEZ WATER LEVELS V5. DISTANCE FROM CENTER OF WELL

ROSCOE MOSS COMPANY .. WELL/AQUIFER MODEL
PIEZ WATER LEVELS V5. DISTANCE FROM CENTER OF WELL

T T I TT T T T T T-T T
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Semi-L ogarithmic Plots of Water Level vs. Distance
for Initial 25 Tests (Figs 49-73) —cont’d

ROSCOE MOSS COPMPANY MELL/RDJIFER MODEL
FAED WATEE LEVELE Y8, DLaTascd "has (O OF #LL

ROSCOE MOSS COMPANY. . WELL/AQUIFER MODEL
PIEZ UATER LEVELS VS DISTANCE FROM CENTER OF WELL
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Semi-L ogarithmic Plots of Water Level vs. Distance
for Initial 25 Tests (Figs 49-73) —cont’d
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Semi-L ogarithmic Plots of Water Level vs. Distance
for Initial 25 Tests (Figs 49-73) —cont’d
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APPENDIX V

Computer Source Code Listings (Basic L anguage)
for the Well/ Aquifer Model Data L ogging Program

Contact Roscoe Maoss Company to request a copy of the source code.

APPENDI X VI

Computer Source Code Listings (Fortran IV Language)
for Data Analysis and Plotting Programs

Contact Roscoe Moss Company to request a copy of the source code.



