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Abstract

It is the goal of this research to establisndamental principles of water well design.
These principles have developed criticatevavell design parameters for four different
types of aquifers; very coarse, coarse, medium and fine grained according to the
Wentworth classification. With extensive labtory testing utilizing the world’s largest
sand-tank well/aquifer model at the Univéyf Southern Cigornia’s Geohydrology
Laboratory and field data from over 100 wellscompanied by 400 aquifer sieves, this

research has developed a standard/bigh water wells can be designed.

The design of efficient watavells requires knowledge of kiaus hydraulic factors that
affect the major drawdown components ofell. Determining which design criteria are
most applicable in a given aquifer withprove well efficiency and decrease energy
usage which will then lead to a signifi¢antribution to the ground water industry. A
large cost to any well operator is the eleetircost of a well. A decline in specific
capacity, well efficiency, and or lack of well development will increase this operational
expense. Minimizing these turbulent flovsg®s can result in substantial cost savings

over the lifetime of the well.

This research will aid engineers in deyghg more efficient water wells in various
geohydrological settings. Its gda to provide the largégroduction of water while
maintaining the lowest operational coststfug well owners. This paper will design wells

that are simple and strong whpeotecting our water resources.



Chapter 1. EXECUTIVE SUMMARY

Previous investigators overelyears have applied soluticies designing efficient water

wells. Some of these solutions have led to achievements in water well design while others
have been oversimplified or grossly approximates. the goal of this research to test

and develop a standard of water well desigteria by better undstanding the hydraulic

factors that influence water well efficiencies.

Understanding water well efficiency and well lasshe first step to develop, test, and
define our design criteria. @ently there are no design enita or standards when an
engineer or geohydrologist dges a particular water well and generally they all have
their own design. It is the goaf this research to understhwater well efficiency and
well loss and then describe soofehe design criteria that important for different types

of aquifers that may be encountered

There are several design factdhat an engineer shouldrssider when designing water
wells. The most important factors that affdet hydraulic performece of a well are well
screen length and diameter, filter pack matarsed, critical well radius and initial well
development. A properly designed well conssdehich factors are the most important to
the hydraulic performance of theell with regard to initial cst of the well and cost of

the operation during its life time. This resgaconcentrates ondathydraulics of the well
screen, filter pack material, and the critical vsddf the well. It also compares field data
of actual operational water welto the laboratory data in affort to verify the Design

1



Criteria set forth. Design criteria for the filter pack materials used in a well have varied
widely in the water well industryt is the effort of this resarch to help in standardizing

well design criteria by which most wells can be designed.

There will be large economic benefit fromsthhesearch to many water suppliers. The
savings to well operators will be two-fold; fitste increase in the ability to deliver more
water from newly planned wells, and ead the decrease in energy costs by operating
wells more efficiently. These benefits willlpenot only in water coservation but a large

energy savings for a water agency.

The ground water basins would also benefditrfrthis research by reducing the number of
drilled wells that a well operator geneyatlonstructs. In 200there were over 14,000
public supply wells drilled in California alon€he cost of these wells are estimated at
$1.5-$2.0 Million per well (AGWT2008). Often the cost of the well is small compared
to the land value neededtace the well site on. Many watagencies do not have the
land or are limited in its ability to have ftiple well sites. The cost saving associated
with more efficient wells would be tremdous. This project nanly saves a precious
ground water resource but is also energyciffit thus making it a truly water wise

project.



Chapter 2. IMPORTANCE OF WATER WELLS

Mark Twain stated, “Whiskey is for drinkg and water is for fighting over.” This has
never been more pertinent than in todaytsld. Nationally approximately 56% of the
large public utilities obtain their waterofn ground water, over 80% of small public
water utilities utilize ground water for tliesupply, and over 95% of the non-community
water sources are from ground water ki, 2000). California alone relies 47% on
ground water for its public drinking wateuply (Water Encyclopedia, 1990). Table 2.1
below shows the comparison of ground watersusface water usage California last

year (AGWT, 2008).

Table 2.1 California Water Usage 2006, Million Acre-ft

Source Water | Public Supply | Domestic | Irrigation | Other’ | Total

Surface Water 3.6 0.03 21.2 1.17 26

Ground Water 3.1 0.3 13 0.6 17
Total 6.7 0.33 34.2 1.77 43

T - - - — -
Includes livestock, aquaculture, industrial, mining, and thermoelectric power

Why is ground water utilized so much inl@ania? The AmericarGround Water Trust
estimates that the surfaceteareservoirs have an estted capacity of 43 Million
Acre/Feet of water. The ground water reservoirs atkedrhundreds of millions of
Acre/Feet of capacity. Table 2.2 below slsaWe area of the ground water basins in

California and the amount of wells in each basin (AGWT, 2008).



Table 2.2 California Basin Areas

Number of Total Area Public Supply

Total Number of Ground Water of Basins Public Supply Wells Outside
Province Area (mi?) | Watersheds Basins (mi?2) Wells in Basins Basins
Northern Coast
Ranges 14,672 176 79 2,317 770 280
Southern Coast
Ranges 16,216 89 74 5,019 1,740 480
Klamath
Mountains 8,880 51 7 116 20 110
Modoc Plateau &
Cascades 15,058 70 55 8,108 240 40
Central Valley 20,463 8 36 20,463 5,360 0
Sierra Nevada 25,483 161 22 772 330 1170
Basin & Range 13,900 56 45 6,178 260 20
Transverse &
Peninsular
Ranges 8,494 167 33 3,089 2,720 800
Sand Diego
Drainages 3,861 163 25 4 180 120
Desert 31,274 110 96 21,622 1,240 60
Totals 158,301 1051 472 67,688 12,860 3,080

From the table above we can see the disiobutf these basins as per usage of ground
water in California. Figure 2.1 belowtise breakdown of the ground water basins in

California and each bassteliance on ground water.



Figure 2.1 California Ground Water Demand
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Due to recent droughts in California ané ttecrease in surface water from the
Sacramento Bay Delta, public supply wetissouthern California are projected to
increase by 20% in the upcoming yearsvds estimated in 1988 that there were over
282,000 public supply wells in the nationaag/hole. The nation as a whole can see
800,000 wells drilled a year (The Water Edopedia, 1990). In comparison, there were
only 30,000 oil and gas wells drilled in theSJin 2004 (CAB, 2004). This research has
tremendous impact not only on a ground water resource but for a community’s energy
consumption. The potential energy savings faeomncrease in specific capacity of a well
could aid well operators inetter decision making of hotw manage their ground water
supply. The ground water basins would d@rieom this research by reducing the
number of re-drilled wells that a waperator generally gog¢srough. Many of these
wells could benefit from an increase in speatfapacity from bettenitial design criteria
and development techniques. The cost sawwsgeciated with more efficient wells would
be tremendous. By defining initial design arigfor different fornations, engineers can
design more efficient water wells from thart and decrease some of the need for
redevelopment of poorly performing wateells. Determining which design criteria are
most applicable in a given aquifer withprove well efficiency and decrease energy

usage which will lead to a significammtribution to the ground water industry.

A large cost to any well operator is the eleetrcost to operate a well. A decline in
specific capacity, well efficiency, and or a lack of well development will increase
operational costs. This additional operating cast often lead well operators to decide if

well rehabilitation or re-drillig is beneficial or not. Nenal expenditures for pumping
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public supply water wells is estimated&t5 billion a year (Helweg, 2000), just a 10%
increase in well efficiency from initial ledesign or well development would be an
annual savings of $350 Million for justie public supply water wells, and this
corresponds to only 19% ofdhotal ground water usage. Table 2.3 below explains the

ground water usage across the US (I&&ological Survey Circular 1268, 2004).

Another very large cost iséhactual drilling of the well. Quently the costs for steel and
fuel are constantly on the rise, driving thecerfor drilling up as well. The current cost
per foot of drilling ranges from $400 to $600GWT, 2008). This is constantly changing

as the price of steel andefiinas become commaodities.

Many investigators have propossalutions for designing efficient water wells. Some of
these solutions have led to achievementsater well design while others have been
oversimplified or grossly approximated. It i®tgoal of this researdb test and develop
a standard of water well dgsi criteria by better understang the hydraulic factors that

influence water well efficiencies.



Table 2.3 — Ground-Water withdralg by water-use category, 2000.

(U.S. Geological Survey Circular 1268, 2004)

[Figures may not sum to totals because of independent rounding. All values are in million gallons per day. —, data not collected]
PUBLIC LIVE- AQUA- THERMO-
SUPPLY STOCK  CULTURE INDUSTRIAL MINING ELECTRIC TOTAL
DOMESTIC |RRIGATION
POWER
STATE Fresh Fresh Fresh Fresh Fresh Fresh Saline Fresh Salin e Fresh Fresh Saline Total
lAlabama 281 78.9 14.5 — 8.93 56 0— - 0 440 0 44
lAlaska 29.3 10.9 0.99 — — 4.32 0 0.01 90.4 4.65 50.2 90.4 141
lArizona 469 28.9 2,750 — — 19.8 0 81.2 8.17 74.3 3,420 8.17 3,43
|Arkansas 132 28.5 6,510 — 187 67 0.08 0.21 0 2.92 6,920 0.08 6,92
California 2,800 257 11,600 182 158 183 0 21 152 3.23 15,200 152 15,40
Colorado 53.7 66.8 2,160 — — 23.6 0— — 16.1 2,320 0 2,32
Connecticut 66 56.2 17 — — 4.13 0— — 0.08 143 0 14
Delaware 45 13.3 35.6 3.7 0.07 17 0— — 0.47 115 0 115
District of Columbia 0 [ 0— — 0 0— — [ 0 0
Florida 2,200 199 2,180 31 7.81 216 0 160 0 29.5 5,020 0 5,02
Georgia 278 110 750 1.66 7.7 290 0 7.75 0 1.03 1,450 0 1,45
Hawaii 243 4.82 171 — — 14.5 0.85 — — 0 433 0.85 434)
| daho 219 85.2 3,720 27.7 51.5 35.8 0— — 0 4,140 0 4,140
I llinois 353 135 150 37.6 — 132 0— — 5.75 813 0 81
| ndiana 345 122 55.5 27.3 — 99.7 0 4.2 0 2.58 656 0 65
l owa 303 33.2 20.4 81.8 — 226 0 2.49 0 11.9 679 0 679
Kansas 172 21.6 3,430 87.2 3.33 46.6 0 14 0 14.9 3,790 0 3,790
Kentucky 71 19.5 1.14 — — 95.2 0— — 2.71 189 0 189
Louisiana 349 41.2 791 4.03 128 285 0— — 28.4 1,630 0 1,63
Maine 29.6 35.7 0.61 — — 9.9 0— — 4.92 80.8 0 80.8|
Maryland 84.6 77.1 29.8 7.18 4.81 15.9 0 4.21 0 1.8 225 0 225)
Massachusetts 197 422 19.7 — — 10.7 0— — 0 269 0 269
Michigan 247 239 128 10.2 — 110 0— — 0 734 0 734)
Minnesota 329 80.8 190 52.8 — 56.3 0 6.9 0 4.17 720 0 720|
Mississippi 319 69.3 1,310 — 321 118 0— - 43.5 2,180 0 2,180
Missouri 278 53.6 1,380 18.3 2.01 29.2 0 4.1 0 12.2 1,780 0 1,78
Montana 56.1 17.3 83 — — 31.9 0— — 0 188 0 188
Nebraska 266 48.4 7,420 76 — 35.5 0 5.64 4.55 6.87 7,860 4.55 7,860
Nevada 151 22.4 567 — — 5.29 0— — 12 757 0 757,
New Hampshire 33 40.9 0.5 — 3.12 6.95 0 0.08 0 0.71 85.2 0 85.2]
New Jersey 400 79.7 22.8 1.68 6.46 65.3 0 6.12 0 2.24 584 0 584|
New Mexico 262 31.4 1,230 — - 8.8 0— - 11.4 1,540 0 1,540
New York 583 142 23.3 — — 145 0— — 0 893 0 893
North Carolina 166 189 65.8 89.1 7.88 25.6 0 36.4 0 0.09 580 0 58
North Dakota 32.4 11.9 72.2 — — 6.88 0— — 0 123 0 123
Ohio 500 132 13.9 8.2 1.36 162 0 53.1 0 7.57 878 0 878
Oklahoma 113 25.5 566 53.6 0.29 6.83 0 2.25 256 3.27 771 256 1,03
Oregon 118 68.3 792 — — 12.1 0— — 2.47 993 0 993
Pennsylvania 212 132 1.38 — — 155 0 162 0 3.98 666 0 666
Rhode Island 16.9 8.99 0.46 — — 2.19 0— — 0 28.6 0 28.6|
South Carolina 105 63.5 106 — — 50.9 0— — 5.83 330 0 330
South Dakota 54.2 9.52 137 16.9 — 3.16 0— — 1.23 222 0 222
Tennessee 321 32.6 7.33 — — 56.3 0— — 0 417 0 417]
[Texas 1,260 131 6,500 137 — 244 0.5 129 504 60.2 8,470 504 8,970]
Utah 364 16.1 469 — 116 34.3 5.08 8.6 21.5 13.1 1,020 26.5 1,050f
\Vermont 19.5 20.7 0.33 — — 2.05 0— — 0.66 43.2 0 43.2)
IVirginia 70.7 133 3.57 — — 104 0— - 1.5 314 0 314
Washington 464 125 747 — — 138 0— — 0.92 1,470 0 1,470)
West Virginia 41.6 39.6 0.02 — — 9.7 0— — 0 90.9 0 90.9)
Wis consin 330 96.3 195 60.3 39.8 83 0— — 8.99 813 0 81
Wyoming 57.2 6.57 413 — — 4.31 0 58.8 222 1.13 541 222 763]
Puerto Rico 88.5 0.88 36.9 — — 11.2 0— — 0 137 0 137]
U.S. Virgin I slands 0.52 0 0.29 — — 0.22 0— — 0 1.03 0 1.0
ITOTAL 16,000 3,530 56,900 1,010 1,060 3,570 6.51 767 1,260 409 83,300 1,260 84,500




Chapter 3. HYDRAULICS OF GROUND WATER FLOW

3.1.  Determining Hydraulic Flow Rates Through Porous Media

Geohydrologists and Civil Engineers areywfamiliar with Darcy’s Law and its

application to finding the hydraulic conductiviigr a given porous media. Darcy’s Law

is an expression for the dominance of thezwus forces applied by a porous media on the
interstitial fluid valid fora certain range. Darcy’s law aslinear relationship between
hydraulic gradient and fluid vedtty. Post-Darcy flow or Foltheimer flow is affected by
both the inertial forces and turbulenceckes of a system. Forchheimer (1901) was the
first to observe that there was a non-linedationship between a pressure gradient and

fluid velocity.

Understanding flow through porous medidhis first step at better understanding the
relationship between wells attueir surrounding aquifer matergalThis understanding of
flow becomes particularly important when a well system has a filter pack. Thus
understanding the flow through the aquifertenial and filter packs can aid in the

development of critical design criteria for wells and filter packs.

3.2. Background

In the 1800’s Henry Darcy preformed expeents in Dijon, France where he passed

water passed through a pipe packed withd. Darcy (1856) found a relationship such

9



that a volumetric flow rate of water througlpipe packed with sand is a function of the
flow area, elevation, fluid pressure, and projoiality constant. A one dimensional flow

of Darcy’s column is shown in Figure 3.1,

Figure 3,1- Simple Darcy Column

Q = volumetric flow rate (iHis or ff/s), A = flow area perpendicular to L {ror f2), K = hydraulic conductivity (m/s or ft/s),

L = flow path length (m or fth = hydraulic head (m or ft), anth = denotes the changelirover the patit.

Therefore for 1-Dimensional flow and Rg’s Law may be stated simply as.

'h (3-1)

Where the Darcian flux, q is given by (Todd, 1980).

g Q/A (3-2)

10



While Darcian Flux has units of velocity, it is rtbe interstitial velocity of the water in
the porous media. The aquifer material talip some of the flow area and limits the
water to flow only through the pore throatsd pore volumes of any given media. The
average pore water velocity thusbees know as the seepage veloaidyand is given

by (Handbook of Ground water Development, 1990);

Q (3-3)

Where | is the porosity of the given porous medlhe Darcian flux or Darcy velocity,

Vg, can thus be written as;

-4
v, v,/ K\—h KJ (3-4)
W

> |0

Where J is the as the hydraulic gradient. It can therefore be said that the hydraulic
conductivity of an aquifer or filter pack céwe determined by the Darcian velocity and
the hydraulic gradient. It is important to edhat Darcy’s velocity is valid within a
certain flow rate for any given velocitarcy’s Law states #t discharge flux is
proportional to the hydraulic gradient to thestipower; similarly the velocity of a fluid
in laminar flow is proportionalb the first power of the hydulic gradient, it has been
reasonable to assume that the Darcy’s Lapoirous media is valid in laminar flow
conditions. Reynolds number is used to deteemvhether a flow is in a laminar or

turbulent state.
11



3.3.  Flow Regimes

Thus if you use hydraulic gradients and Bavelocities to calalate the hydraulic
conductivity of a given porous material orédiltpack, you must make sure that the data
being used is within the laminar regimeaofertain test, otherwise erroneous hydraulic
conductivities maybe found. To understandoavftegime of a given system you must
look at flow velocities and Rmolds’s Number for that sgem. Reynolds’s number is

stated as follows (Todd, 1980);

(3-5)

<
S

vq = Darcian Velocity (m/s or ft/s),
d = Particle diameter or characteristiodgh of a given material (m or ft),

X = Kinematic viscosity (s or fé/s)

There are four demarcationsfdw regimes in porous mealwhich have been described
for a very long time. In 1987 Fand determined that in completely randomly packed
spheres, fluid exhibits four differentgienes of flow which could be explained by
Reynolds’s Number. The fouegimes of flow are Pre-Darcy, Darcy, Forchheimer (or
Transitional), and Turbulent. Fand quaietif these regimes by using a range of
Reynolds’s Numbers. Table 3.1 below derstrates what Fand and others have

determined as the demarcations of flimwtheir set of experiments (Fand, 1987).

12



Table 3.1 - Range of Reynolds’s Numbers (Re)
Flow Regime |Bear (1972) |Fand (1987) Kececioglu (1994)
Pre-Darcy Re<1 Re<1 Re<0.3
Darcy 1<Re<10 1<Re<2.3 0.3<Re<1
Forchheimer | 10<Re<100 5<Re<80 1.6<Re<21
Turbulent Re>100 Re>120 Re>21

NOTE; Darcian Reynolds’s Number is based on diameter of the porous media

It is worth noting that the particle diameter used by each researcher above was the mean
grain diameter for their set of experimgn¥lany researchers though use different grain
diameters for the determinationRéynolds’s Number. Todd (1980) usegs that is, the
diameter such that ten percéytweight of the grains are stiea than that diameter for a
given sample. Bear (1972) and Williams (1985) both use mean diamgtéoy d

determining the particle diameter for ayRelds number. Collins (1961) suggested using

a different approach to getting a characteriength for a certain Reynolds’s Number.

K (3-6)
n

k = permeability (rhor ft%)

n = porosity

Some researchers use the square rooegbéinmeability as a representative grain size

diameter (Ward, 1964). For thétdérr packs in the lab, bothgand do where used in
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determining Reynolds’s Numbdt.is worth noting that theharacteristic length used
whether it be ¢ or d, affects Reynolds’s Number.

3.4.  Well Efficiency

Water well efficiency can be defined simply as follows (Handbook of Ground water
Development, 1990);

Q (3-7)
E Sw

|

( = Well Efficiency, %
sy = Actual drawdown (ft, m)
s = Theoretical drawdown (ft, m)

Q = Well discharge (gpm, L/s)

Water well efficiency is thus the ratio ofetlactual specific capacity to the theoretical

specific capacity. Figure 3.2 below is a reprgation of the concepts presented above.
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Figure 3.2 - Well Efficiency
(Courtesy of Dennis Williams, “Well Rehabilitation: Is It Time? Is It Worth it?” 2008.)
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There are several componetdsa pumping well that musie understood in order to

define well efficiency in hydraulic terms. Hirshe total drawdown ad well is composed

of laminar and turbulent hedolss components. Laminarskes generally occur in the
aquifer as a result of the water moving todgathe pumping well angenerally consist of
viscous forces between the water and thefagmaterial. These approach velocities are
generally low and are uncontrollable. As thaevapproaches the well its flow velocity
increases and the inertial forces begin to dominate over the viscous forces. Turbulence
losses generally occur in the filter pack near or around theityi of the pumping well.

These different flow regimes and their trdiosis are explained to a great degree above.
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The drawdown in a well can be expressed as follows (Handbook of Ground water

Development, 1990);

s=ds +ds’+ds” +ds” + minor losses (3-8)

s = Total drawdown measured in well (ft., m)

ds = Head loss in the aquifer or formation loss (ft.,m)
ds’ = Head loss in the damage zone (ft.,m)

ds” = Turbulent head loss filter pack zone (ft.,m)

ds™ = Well loss (ft.,m)
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Figure 3.3 Well Head Losses
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(Courtesy of Dennis Williams, “Modern Techniques in Water Well Design”, 1985.)

A figure of these losses in relation to a gung well is seen in Figure 3.3. The formation

or aquifer loss is the head loss or drawdawthe interface betwedhe aquifer and the
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damage zone. The damage zone is the @bdamage caused from the drilling of the
well. The aquifer loss can be quantified frtme steady state Thiem equation as follows

(Handbook of Ground water Development, 1990);

. 3-9
ds @Iog-g—" . BQ (5-9)
Kb @, 2

ds = Head loss in the aquifer (ft.,m)

Q = Well discharge (gpm, I/s)

K = Aquifer hydraulic conductivity (gpdAt mm/s)

b = Saturated aquifer thickness (ft.,m)

r, = Radial distance from centef well to zero drawdown (ft.,m)

r, = Radial distance from center of well to aquifer damage zone interface (ft.,m)

B = Formation loss coefficient (ft/gpm, m/l/s)

The head loss through the damage zone depends to what degree the drilling damaged
pushed fine drilling debris, mud cake, ohet low hydraulic conductity material into

the aquifer formation. The damage zonekhass depends mostiy the quality of the

well construction and the initial development of the well to remove any of this low
permeability material from the aquifer. The head loss through the damage zone may be

expressed by (Handbook of Ground water Development, 1990);

5280, &, - (3-10)
ds ——log.-2. B'Q
K'b ((59 1
ds’ = Head loss in the damage zone (ft.,m)
Q = Well discharge (gpm, I/s)
K’ = Damage zone hydraulic conductivity (gpé/fimm/s)
b = Saturated aquifer thickness (ft.,m)
r. = Radial distance to aquifer damage zone interface(ft.,m)
ry = Radial distance to the innedge of damage zone (ft.,m)

B’ = Damage zone loss coefficient (ft/gpm, m/l/s)
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The head losses in the filter pack zonetarbulent losses if the critical radius exceeds
the nominal radius of the well. This concept is discussed further in Chapter 6. The
turbulent losses are non-lindasses and do not obey Darcy’s Law. These losses vary
exponentially with flow velocity and may l@esignificant componermf the total head
loss in a well. Often times these losses are in a transitional state between linear and
exponential flow. This is called transitionalfeorchheimer flow. In this transitional zone
the exponent of flow velocity may vary froin(purely laminar or linear flow) and 2
(fully developed turbulent flow). The filtgpack losses may be written as follows
(Handbook of Ground water Development, 1990);

ds' B'Q" (3-11)

ds” = Head loss in the transitial filter pack zone (ft.,m)
Q = Well discharge (gpm, I/s)
B” = Filter pack loss coefficient (ft/gptnm/(l/s)")

n = Exponent (1<n<=2)

The well losses are the head losses assatwith the entrance losses of the water
through the well screen as wall the axial flow losses tie water moving towards the
pump intake. The majority of these losses happen as the water jets through the well
screen into the well bore which is analogousauid expansion losses. Examples of this
happening in a well are seen in the small glell screens in Appendix 1. These losses
are turbulent losses and vary as a square of the flow velocity. The well losses are

expressed as follows (Handbook®@found water Development, 1990);
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ds" CQ (3-12)

ds™ = Head loss in the well (ft.,m)
Q = Well discharge (gpm, I/s)

C = Well loss coefficient (ft/gpfm/(l/sy)

The minor losses are those of laminar lossesuthh the filter zone and or head losses
associated with restricted well screen ieta. These are generally much smaller losses

then the other head losses mentbabove and are generally neglected.

The efficiency of a well can thus be stasedthe ratio of the head loss in the aquifer
formation to the head loss of the well. Welliciencies of considerably less than 100
percent are generally causedrr laminar losses in a large damage zone of the well and
or high near well turbulent losses irethiter pack. A combination of poor well
construction, bad filter pack design, p@oreen selection, and improper well
development can result in partial or contele plugged slots of a well screen opening’s
which in turn can cause extremely high heasés and thus very poor well efficiencies.
Total well efficiency can thus be deéd as (Handbook of Ground water Development,

1990);

(3-13)

B
] Qn n 2 100
BQ BQ B'Q" CQ
E = Efficiency of pumping well, (%)
B = Formation loss coefficient (ft/gpm, m/l/s)

B’ = Damage zone loss coefficient (ft/gpm, m/l/s)
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B” = Filter pack loss coefficient (ft/gphmm/(I/s))
n = Exponent (1<n<=2)
Q = Well discharge (gpm, I/s)

C = Well loss coefficient (ft/gpfm/(l/sy)

In properly constructed and fuljeveloped wells, the damagene losses approach zero.
A pumping test called a “Stdprawdown Test” is used to determine the different loss
coefficients. Thus after a series of initiEdlvelopment techniques and step drawdown test

an engineer can determine what the initial well efficiency will be.
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Chapter 4. WELL DESIGN PARAMETERS

The main design objectives of a water welldgprovide a conduirom the sub-surface
aquifers to the surface to yield economicallyngicant quantities of water. This conduit
or water well must be designed to;
X Match discharge requirements of a pumgptant to the aquifer characteristics.
x Achieve designed production rates witlaximum well efficiency and minimum
energy costs.
X Produce acceptable quality water whiletecting it from contamination and over
drafting.
X Maximize the well life commensurate with cost effectiveness.
These objectives are generally meet withper well design. A diagram of a well in an
aquifer is seen in Figure 3.2. Each desigsites specific to eacheologic setting. We
therefore only have control over the filter patgdsign as well as the well screen design.
In Figure 4.1 below we see that simplisticatg fundamental pringie of well design is
for the filter pack is to stabilize the aquifer while the well sores used to stabilize the
filter pack. George and Rocky Moss said, “Want to design wells that are simple and

strong.” This research tries tollow this type of philosophy.
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: GURE 4.1
T1e; Purpose of the! Filter Pack Is(Stablllze
the Aquifer.

Well Screen Filter Pack Aquifer

The Purpose of the Well Screen Is to

Stabilize the Filter Pack

(Courtesy of Dennis Williams, “Well Sighting and Design”, 2007.)

To develop critical water Wedesign criterion we mustnderstand water well efficiency
and well loss. With a completenderstanding of the hydraulic interactions of the well
components we will then be able to applg thndamental principal of well design to any
given aquifer. Currently there are no dgsstandards when an engineer designs a
particular water well. It is the goal of this research to first define water well efficiency
and well loss and then describe some of tistgalecriteria that is important for different
types of aquifers that may be encountefidtere are several design factors that an
engineer should consider when desigreffgcient water wells. The most important

factors that affect the hydraulic perfornca of a well are; well screen length and
23



diameter, filter pack material used, critiegll radius and initial well development. To
properly design a well you need to considerchlactors are the most important to the
hydraulic performance of the wellith regards to initial cosif the well and cost of the
operations of the well during its life time. Thissearch concentratea the hydraulics of

the well screen, filter pack material, the caticadius of the well, and the initial well
development. Design criteria for the filter pack material used in a well have varied widely
in the water well industry. It ithe effort of this paper to standardize some criteria in

which most wells can be designed for in giyen aquifer. The itiial design criteria to

be tested are given in Table 4.1 below.

Table 4.1 Water Well Industry Standards
Initial
Standard Critical Design Criteria Recommendations
1 Filter Pack/Aquifer Ratio (Dsgr/ds0a) 4-6
2 Terzaghi's Migration Factor (Ds¢/dgsp) d4
3 Terzaghi's Permeability Factor (D1se/d1sa) t4
4 Uniformity Coefficient, C, (dsoa/d10a) d25
5 Sorting Factor, S; (Cyr/Cya) 02 de dos
6 Slot Factor (dsoa/Slot Width) do5
7 Percent of Filter Pack Passing d10%
8 Critical Radius, r. TBD

TBD- To Be Determined
Dsor = Diameter of the Filter pack at 50% Passing (mm)

dson = Diameter of the Aquifer at 50% Passing (mm)
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Figure 4.2 below shows some of the conceptgivel#o actual aquifesamples. The filter
pack meets the Terzaghi’s Migration and Permeability Factors as well as the
Pack/Aquifer ratio. Filter packs are decided ovesal of these different criteria as well

as availability of material. Screen slots arentlidecided in accordance with the filter pack
size. Several blends of materials were usddlisiresearch as to push these criteria to

their limits as to find upper and lower bounds to the design criteria.
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Chapter 5.  ANALYSIS OF FIELD TESTS TO EVALUATE WATER WELL

DESIGN PARAMETERS
5.1. Types of Wells Studied
This Chapter is the analysi$field studies ranging fromwells with a tremendous amount
of quantitative data, to wells that hadtim design criteria but only qualitative
assessment of their performance. The findinghis Chapter demonstrate different wells
in three different geohydrological setting$iese different geohydmgical settings are
coarse, medium, and fine grained aquiBerd their respective performances in those
aquifers. The field analyswsill look at the Well DesigriParameters and any pumping
performance that was done on the well. it twy to encompass as many different well

aquifer combinations as possible.

These wells were categorized by the typeamfifers and any of the pumping tests or
observations preformed on them. The arnalg§over 100 wells and over 400 aquifer
sieves are found in Appendix 5.0. Thesdlswere designed by professional
geohydrologists, water agencies, and water drdling companies. The performance and
efficiency of these wells vary tremendouslydasthe well costs. The data of each well
and corresponding aquifer underlying each wedls then analyzed to develop a trend to
establish a field evaluation of our criticalsitm criteria. This analysis will then be

compared to the laboratory finding in capending Chapters of this research.
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5.2. Wells in Coarse Sand Aquifers

The first well examined was Well BKNG 220-01 in the California Water Service
Company well field in Bakersfield, Californidhis well was designed and constructed in
2005 and was considered to be in a coaraealiaquifer. The well met expectations and
had an initial efficiency of 90% at 15@PM with a specificapacity of 27gpm/ft

verified through step-drasown analysis. This well had a tremendous amount of
information on the design as well as pumpilaga. Figure 5.1 below is the sieve analysis

of the aquifers and the filter pack used.

FIGURE 5.1 - Mechanical Grading Analysis
California Water Service Company BKNG 220-01

Wentworth Silt Sand Gravel
Grain Size Class v Fine | Fine | Medium Coarse V Coarse Granule Pebble Cobble
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(Courtesy of Dennis Williams, Geosc@nSupport Services, Inc., 2008.)
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The design criteria for all of the zones anewn in Table 5.1 belowlhe filter pack and
slot size design are based from the finesifaqwhich in this case was the zone from

650-660 feet.

TABLE 5.1 BKNG 220-01 Design Criteria
Tgrzaghl Terzagr_u' ) Percent Filter
Migration Permeability Sorting pack Passin
Pack #1/ Factor for Factor for Uniformity Factor for well Slot 9
Depth of Sample | Aquifer Ratio Pack #1 Pack #1 Coefficient Pack #1 Slot Factor
310-320 8.34 2.47 17.71 5.68 0.37 18.4% 17.0
370-380 8.95 2.34 14.68 4.53 0.46 17.2%
490-500 7.62 2.30 12.46 4.21 0.49 20.2%
520-530 7.36 2.27 11.10 3.72 0.56 20.9%
580-590 6.75 2.19 9.90 3.70 0.56 22.8%
590-600 5.93 2.05 9.14 4.00 0.52 25.9%
650-660 9.04 2.46 20.64 6.12 0.34 17.0%
710-720 7.59 2.30 10.95 3.47 0.60 20.2%
720-730 6.61 2.25 8.32 3.23 0.65 23.3%
770-780 4.58 1.28 7.48 4.90 0.43 33.6%

The contribution of this filter pack above afé slot size was considered a typical highly
effective well for that area of Bakersfield, California. The formation loss for this well was
50 feet and the well loss was 5.7 feet. The we#l determined to have an initial design
efficiency of 90% with little to no sal and a total of 60 hours spent on final

development.

5.3. Wells in Medium Sand Aquifers

The next example of a well which perforthexceptionally well was Coachella Valley
Water District (CVWD) well 5625-2 Redrill. Tswell was in medium to coarse aquifer
material but had a higher uniformity coefficieghan most wells in the area. This well
preformed better than expectied a typical well in thaarea. The well had an initial
efficiency of 90% and a flow rate of 19B@PM. Figure 5.2 below is the sieve analysis

for well 5625-2.
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FIGURE 5.2 - Mechanical Grading Analysis
Coachella Valley Water District (CVWD) 5625-2
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(Courtesy of Dennis Williams, Geoscience Support Services, Inc., 2008.)

Looking at Figure 5.2 it was determined toyostreen the zones of 750 to 1,080 ft. due
to the formation in this zone were debetdl as having the high yield, medium coarse
sands with an occasional layer of siitdleclay. The formation below 1,080 feet was
determined to have too much clay. Thisamforced by the table below noting that the
layers below 1,000 ft have 25% of the mmetlepassing through the 200 mesh sieve.

Table 5.2 displays the design critefioa the all the layers of aquifer.
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TABLE 5.2 CVWD 5625-2
Filer Terzaghi's Terzaghi's Uniformity Percent Percent Filter
Pack/Aquifer | Migration | Permeability | Coefficient, Sorting Slot Factor | Aquifer Pack Pack
Ratio Factor Factor Cu Factor, Sf (d50/Slot | Passing Well Critical Passing Well
Depth (D50/d50,) | (D15/d85,) | (D15:/d15,) | (d60,/d10,) | (Cug/Cun) Width) Slot Radius (in) Slot Slot Size (i),
580-590 4.27 0.88 8.31 6.21 0.34 0.36 82 6.840 17.17 0.094
620-630 6.19 1.30 9.15 4.23 0.49 0.25 87 4.720
710-720 5.92 1.16 10.85 5.47 0.38 0.26 86 4.932
760-770 5.09 0.63 23.28 20.10 0.10 0.30 7 5.738
840-850 6.44 1.38 14.68 8.86 0.24 0.24 88 4.532
880-890 4.48 0.81 33.00 31.95 0.07 0.34 80 6.523
960-970 5.43 1.54 8.32 5.06 0.41 0.28 91 5.381
1020-1030| 6.89 1.24 66.08 35.15 0.06 0.22 86 4.241
1100-1110] 7.60 1.65 63.31 28.87 0.07 0.20 91 3.841

The rows in yellow above were not screeded to the high amount of fine silts which
were still in the formation. These bad zemweere having about 20% of the material
passing through the 200 sieve. Mokthe design criteria we meet for all the zones
except the uniformity coefficient wasd large for every zone. The filter packs

uniformity coefficient was also changed to 2.&ffort to balance the screened zones and
their high uniformity coefficients. This woekl very well and this seemed to push the

design criteria to some new limits of the uniformity and permeability design criteria.

5.4. Wells in Fine Sand Aquifers

CASE 1- This Chapter deals with weltigilt in fine sand aquifers. CVWD 6725 was

constructed in 1999 in a relatively fine samgier. In Figure 5.3 the sieve analysis of

the aquifers and the filter pack is shown.
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Figure 5.3 - Mechanical Grading Analysis

CVWD 6725
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(Courtesy of Dennis Williams, Geoscience Support Services, Inc., 2008.)

This well had step drawdown testing done aasitvell as a constardte test. The well
was found to have a high efficiency@#% at 1,500 GPM. The problem this well had
was it was determined to be a “Sander’aavell that produced a tremendous amount of
sand. The well was developed for 87 hoursiastill produced too much sand. The sand
seemed to enter from 360-410 ft zone. It Wasided to patch this zone. Air development
began again with some change in the sandecomiut for the water district, this was still

too high. Table 5.3 below showsetdesign criteria for well 6725.
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TABLE 5.3 CVWD 6725
Filer Terzaghi's Terzaghi's Uniformity Percent |Percent Filter]
Pack/Aquifer |  Migration | Permeability | Coefficient, Sorting Slot Factor | Aquifer Pack Pack
Ratio Factor Factor Cu Factor, Sf | (d50/Slot |Passing Well] Passing Well
Depth | (D504/d50,) | (D154/d85,) | (D15:/d15,) | (d604/d10,) | (Cug/Cun) Width) Slot Slot | Slot Size (in)
360 1.91 0.23 4.14 6.04 0.25 0.67 61 18.93 0.040
410 1.89 0.28 8.46 15.99 0.09 0.67 58
420 1.83 0.20 10.12 21.85 0.07 0.70 56
560 1.81 0.23 6.21 11.48 0.13 0.70 58
590 1.32 0.00 9.21 31.16 0.05 0.96 50
650 0.82 0.20 5.38 21.09 0.07 1.56 38

The filter pack on this well was just too smadimpared to the aquifer material. The pack

aquifer ratio as seen above was all smélian 4. It is recommended to have a pack

aquifer ratio between 4-6. Thigell is not being used #te time and is waiting more

redevelopment. The screen for this well had a very small slot size for the size of filter

pack material used. It was pecjed that if this well had be@muse a long time that the

screen would eventually clog oviame as sand entered the well.

CASE 2 — CVWD 4509 was arwdr well drilled in a sinfar location as CVWD 6725 it

had a better initial design and there way \itle sand issues and development times

were very small. The sieve analysis of the Bgaiand the filter pack is seen in Figure

5.4.
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Figure 5.4 - Mechanical Grading Analysis

CVWD 4509
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(Courtesy of Dennis Williams, Geoscience Support Services, Inc., 2008.)

From Figure 5.4 we can see that in the singesand aquifer as Case 1, the filter pack

was larger in comparison to the aquifershbi€sb.4 below shows the design criteria for

well 45009.

TABLE 5.4 - CVWD 4509

T(_arzaghi Terzaghi_ . Percent Filter
Aqifer Zone Migration Permeability _ _ Sorting Pack Passing
Pa}ck #1 /' Factor for Factor for Unlformlty Factor for well Slot
Aquifer Ratio Pack #1 Pack #1 Coefficient Pack #1 Slot Factor
830 5.70 1.56 10.61 5.78 0.39 31% 12.5
910 5.92 2.24 10.62 5.40 0.42 30%
1010 6.97 2.49 10.33 3.94 0.57 25%
1080 10.09 3.21 17.86 5.32 0.42 18%
1210 9.39 2.96 16.74 4.47 0.50 19%
1280 9.85 3.47 15.85 3.99 0.56 18%
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As seen in the table above the Pacjuer Ratio is within the initial design
recommendations. This well only requiredturs of development and the produced

1,700 GPM. This was a good design to kéepsand down with high efficiencies.

Some of the field data had extensive pumg development data associated with it while
others had only qualitative results dissung the final well production and sand content.
This data was compiled from many differevdter agencies and design firms. These
wells were chosen because they were thstmamplete in aquifer types, construction
methods, and pumping information. All oktfield data is included in Appendix 5.0,
even the data that look erroneolisvas the effort of thisesearch not to evaluate the
methods of data collection pump testing methods, but rathto establish trends in

aquifer types to be comparedthat of laboratry research.
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Chapter 6. LABORATORY TESTING OFWATER WELL DESIGN
PARAMETERS

6.1. Determining Well and Aquifer Losses

This Chapter compares both screen typesunning each of these screens through a
series of Constant Rate Tests and Step Doavm Tests, in an effort to determine the
aquifer parameters, aquifer losses, and welds for each well screen. From Appendix 3
& 4, various interesting obsemans were made regardingthdhe Stainless Steel Wire

Wrap Screens (SSWWS) and the StsslSteel Louver Screens (SSLS).

6.1.1. Introduction

Twelve well screens were tested in the RMC Model over the course of several months.
Each screen was fully developed using the sanmge aquifer material with no additional
filter packs. The large aquifer material wasd#ed in Appendix 2. A series of Constant
Rate and Step Drawdown Tests were run antl tsst was repeated three times and then
averaged to determine the discharge ratecaadge of pressure heads for each test. The

findings are discussed below.

6.1.2. Background

The Stainless Steel Wire Wrap ScreerSWAVS) had a screen slot size of 0.010, 0.020,
0.040, 0.060, 0.080, 0.093, 0.125 inches. The Stainless Steel Louver Screens (SSLS) had
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a screen slot size of 0.040, 0.060, 0.080, 0.093, GntXes. These are the commercial
wire wraps and louver screens which are poeduoday. The screen is placed in one
corner of the model and is 5 feet tall by 16hias in diameter. The screens all had to be
outfitted with a polycarbonate tube on the aquifer side of the screen such that a

Borescope Camera could take pictures ofstreen from the aquifers reference point.

Both the constant rate and step drawdownvese repeated on the same well screen to
obtain an average set of data for a giventdisge rate and pressure head. The constant
rate test was used to determine the aquif@racteristics while ¢hstep drawdown test

was used to determine the well/aquifer loss parameters.
6.1.3. Constant Rate Testing

The constant rate test is used to deterrthieeaquifer parameters for each model run with
a corresponding well screen. The Jacob’sittaine Method was applied to distance
drawdown within the model to determine theafdsmissivity (T) and Storativity (S) of the
aquifer material. Quantitatively the distardrawdown may be expressed in general by

the steady state Thiem Equation (Handbook of Ground water Development, 1990).

. 6-1
's h hr gLogeg—O (6-1)
AT o1
's = Drawdown (ft, m)

hy = Hydraulic head where zero drawdown occurs (ft, m)

h(r) = Hydraulic head at radial distance r form the center of the well (ft, m)
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A = Area of the circular well, Sfor general case {tn¥)

T = Transmissivity (gpd/ft, ftd)

Log. = Log base to the exponential power

ro = Radius form center of well where zero drawdown occurs (ft, m)

Q = Well discharge (gpm, L/s)

Thus converting the above equatiorcemventional units and using 1/6f a circular
area for the RMC Model, thejeation for distance drawdown ierms of Transmissivity

becomes;

§ : (6-2)
~2.3031440Q *  31669Q

. 8BS . s

© ©6 1 !

T

Note: Similar to the general case 528) except for 1/8 of a circle in the RMC model.
's

6.1.4. Step Drawdown Testing

The purpose of the step drawdown test iddtermine formation losses, well losses, and
well efficiency. In an actively pumping wethe total drawdown in the well is composed

of both laminar and turbulent head loss congras. Laminar losses generally occur in

the aquifer (where approach veiiies are low), while turbulent losses are confined to the
area in and around the immediate vicinitytted well screen andithin the well bore.

Step drawdown tests were also preformed multiple times on each well screen in order to
determine the aquifer/well parameters ia thodel. These parameters are found using
variable discharge rates for each well scré&ath screen is fully developed before the

series of step drawdown tests. Each test is performed by vargingethdischarge via
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the butterfly valve for a determined amountiofe and thus establishing an incremental
drawdown for that flow rate. Figure 6.1 isexample of a series of flow rates versus

time in a step drawdown test.

39



0000T

71 09
pove—— . ‘papJodal ale das Jad sumopmelp [eluawaIdul aandadsal| |
LdbToz= 1501 ® O — H6€0C°0="9 1I8Y) pue sarel moj) 9say] ‘uonouny dais e 1o sdals| |

6 dais 1O S81Ias e aYI| SY00| 1 asnedaq poylaw umopmelq dais ayy|
oo s xooms A 4 €0€€°0 = %9 paj[ed si 1| 198} 2-z'0 Wody Buikrea sumopmelp ay) pue Wd9)| | -
wdbeere o0 & ©MO 00Z-00T w.oj BuiAren sares mojy yum 1ybu syl re uass sdals| 0
e dais JUBJIBJIP 6 8JaM 3J3LJ) 8SBI SIYI U] “[|9M U} Ul UMOopMeIP|
v Yooz~ A ay) Buipiodal ajiym Ajleluawaloul awil usnib e 1oy umopmelp|
wdboare 154 07 © %0 Buifren Ag paysiidwoade si 1] ‘[jlom ayi Jo Asualoiya| 1
4o pue S8sS0| |[@M pulj 0} pasn sI1sa] umopmelqd dals o 1 A
LOASI yeeseo=19 PEA S 1 oy
790G¥ + XG0-3G- = A ]
wdbg, 1= 15d 5T ® O o ]
o dais U6LLT0="9 .
820 + XG0-3T- = Y T89E0 =9 1o
wdb,9T=1sd 0Z ® 'O 19°
G days ]
¥099°€ + XG0-32- = A =t 1
B o2 © 0 WeLZro="9 1
¥ dais \ ,
TEEZ'E + XG0-IT- =4 Y 9e9r'0="9 o¢
wdbTyT=Isd 0€ ® “O
¢ dais
§69.'C +XG0-3T- =4
wdbozT=1sd 56€ ® *O 0T
. dors ¥ 9€650="29
6S.T'Z +X50-3z- = IS8} BUO SIy} oj|  HESLTZ=TO
wdBoT= 1sd 0y ® %O sdais g ate alay ) "dals yoes oy
1 dais UMOPMEIP [BIJUSWAIOUI Y} dJe 5 i
, 00
000T 00T
(09s) awi

Ul 080°0 =9ZIS 10|S ‘Ud31aS deipn BIIAA [931S SSajurels umopmelq dais - T°9 ainbi4

(1) umopmelq

40



Analysis of the steps is therguared by plotting secific drawdown, #Q, versus
discharge, Q. The theory behind thiditeggg was described by Williams (1985) with the

equation;

s BQ BQ" CQ (6-3)

s = Incremental Drawdown measured in pumping well (ft, m)
Q = Well discharge (gpm, L/s)

B = Formation Loss Coefficient (ft/gpm, m(L/S))

B" = Filter Zone Loss Coefficient (ft/ggirm(L/s))

C = Well Loss Coefficient (ft/gpmm(L/sf)

n = Exponent varying between 1 and 2

The equation above can be rewrittetidnms of specific drawdown assuming fully

developed flow as.

B B CQ (6-4)

Q [»

From this equation a new plot of specifi@aeidown versus discharge can be made as in
Figure 6.2. The formation loss term, B, mayde¢ermined from the y-intercept of the
best fit line of specific drawdonws. discharge. During lowskharge rates there will be
no near well turbulence (i.e. B= 0). Consequently all the turbulent losses will be
associated with the well loss. This is espiciaae case in the initial screen tests due to

the fact that there is no filtack used with the coarse aquifer in this Chapter. The well
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loss coefficient then becomes the slope ofatb& fit line of this data. During larger
discharge rates, a change of slope will o¢bus changing the well loss term. This is

seen in Figure 6.2.
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6.1.5. Findings

The first major finding was that of the condtaate test. From Jacob’s Straight-Line
Approximation using the distance drawdoapproach, a hydraulic conductivity was
determined for the coarse aquifer migtieto be in the range of 32,000 gpélth 61,000
gpd/f€ with an average of 46,500 gpd/fThis correlates veryell with the hydraulic
conductivity test results from¢hCHP in Appendix 1 of 47,603 gpd/fAppendix 2
evaluated the coarse aquifer via si@nalysis to a value between 23,400 gt 64,

906 gpd/ft depending on the method used.

The second major finding was that oétwell parameters found during the step
drawdown testing. Table 6.1 is the resultshef testing done fdoth the SSWWS and
the SSLS. The aquifer loss terms are \@nyilar for the SSLS ranging from 0.018 to
0.021 with an average of 0.019. The SSWWSeahsligghtly greatevariance in the

aquifer loss term, ranging from 0.0112 to 0.017 with an average of 0.015. The larger
degree of variance in the SSWWS has a coopteasons associated with it. Initially
there was a great degreectgging of the slots in the 8BNS as discussed in Appendix
3. This clogging plays a part in the genduabulence effect in the near well zone.
Secondly, this damaged zone in the clogginthefaquifer will result in a lower aquifer
loss coefficient, B, due to the well is grpartially developed. This damaged zone
represents laminar losses in the aquifer Wigiecrease the aquifers efficiency. Table 6.1

below is a table of abtf the loss termassociated with each well screen.
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TABLE 6.1 - Loss Terms For All Well Screens Tested
Stainless Steel Wire Wrap Screen

(SSWWS) Stainless Steel Louver Screen (SSLS)
Open % Open %
B, Area Open B, Area Open
Slot Aquifer C,Well (1/2 Area Aquifer C,Well (/2 Area
Size, Loss Loss Pife) (5ft Loss Loss Pife) (5ft
(in) Term Term in screen) | Term) Term in screen)
0.010 | 0.01705 | 0.00021 2.03 0.21%
0.020 | 0.01124 | 0.00012 3.80 0.40%
0.040 | 0.01400 | 0.00014 6.75 0.72% | 0.01804 | 0.00018 1.62 0.34%
0.060 | 0.01570 | 0.00013 9.12 0.97% | 0.01815 | 0.00015 2.42 0.51%
0.080 | 0.01420 | 0.00012 | 11.05 1.17% | 0.01860 | 0.00015 3.23 0.69%
0.093 | 0.01510 | 0.00012 | 12.13 1.29% | 0.01910 | 0.00014 3.76 0.80%
0.125 | 0.01424 | 0.00010 | 14.34 1.52% | 0.02132 | 0.00015 5.05 1.07%
6.2. Initial Well Development and Critical Radius

An important point in understanding the hdaskes in a well aquifer system is to
determine where the laminar flow changeturbulent flow. Theconcept of critical

radius is thus introduced. Critical radiugifined by Williams (1985) as the distance
from the center of the well to the point whéne flow changes from laminar to turbulent.

Figure 6.3 below is a representatiof this change in flow.
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Figure 6.3 Critical Radius

Well Screen

.""

|<—>-

Well
Radius

Predominance of
coarse material
causing turbulence

b it i

Critical Radius

(limit of to extend farther
turbulent - oy into the filter.
flow) £ieh ~e—

s
Near- e
Ffﬁea: Z“‘Eﬁg Transition Zone where partial

turbulence occurs

(Courtesy of Dennis Williams, Modern Techniques in Water Well Design 1985.)

The equation for critical radius is derived from the continuity equation and Reynolds
number. From continuity equation:
Q AV, (6-5)
A 25D
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Q = Discharge of the well, (gpm, I/s)
A = Area of flow into well (£, n?)

V4 = Darcian flow velocity (ft/min, I/s)
r = Radius of well (ft, m)

b = Saturated thickness of aquifer (ft, m)

From Chapter 3, Reynolds Number was defined as:

V,d (6-6)

Re = Reynolds number
V4= Darcian Velocity (m/s or ft/s),
d = Particle diameter or characteristiodgh of a given material (m or ft),

X = Kinematic viscosity (s or fé/s)

Substituting for Darcian velocity and assumurgform flow we can solve for a critical

radius:

28bRe | Qd (6-7)
d ¢ 28 )Re

r.= Critical radius (ft, m),

d = Particle diameter or characteristiodgh of a given material (m or ft),
X = Kinematic viscosity (s or fé/s)

Q = Discharge of the well, (gpm, I/s)

Re = Reynolds number

b = Saturated thickness of aquifer (ft, m)

Initial well development is the process where thitical radius of the well is decreased
by different hydraulic processes in which the fiback material in the near well zone is
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rearranged such that the fines are remove the filter pack and the permeability of

the filter pack increases. If initial walevelopment is not preformed, significant damage
to the well can happen from a processethtand sealing. Figure 6.4 and Figure 6.5
below demonstrates this sand sealing afbeca well which was improperly developed.
The initial development process is complete wtencritical radiuss found to be inside
the nominal radius of the well screen. Ihnat be over emphasized as to how important
this process of initial development is. One point of caution is that clogging the well
screen during this initial development aaactur by having too small of a slot size which
will not allow the fines to be removed from the filter pack. The well screen will begin to
clog and a decrease in specific capacity efwkell will occur, which will increase the

operational cost of the well.

Figure 6.4 Figure 6.5

Sand “Stringers” in Filter Pack “Sand Sealing”

‘When the Well Screen
. Clog. Fine-grained
. Material Which
| Normally Migrates
Through the Filter
| Pack on Start Up,
. Consolidate Near the
May Result in Aquifer Well Screen Creating a
Sands Being Drawn Low Permeability Zone
Through The Filter E Which Greatly
Pack And Into Well F e to oo Fine Sand Sealing Accelerates Well
Screen Losses.

In Fine-grained
Aquifers, Improper
Design and or
Development

(Courtesy of Dennis Williams, Geoscience Support Services, Inc., 2008.)

The initial well development is critical in ddeging out the fines in the filter pack. This
process can take several days to completesametimes if the itial design is poor, can
never be completed. This was seeRapter 5.4 on CVWD 6725, this well never

stopped producing sand. During initial develgminthe well is pumped at different flow
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rates while measuring drawdown and sandem@nfThe well is surged or raw-hided

during flow rates to try to stihe filter pack up and develop aany fines that might be in

the filter pack. This process will condition thiker pack such that it will have a much

higher conductivity then the aquifer. The development will take on many different stages

during this process.

The first stage is Type | development wtre specific drawdown decreases with the
flow rate and thus determined to be underdeveloped. The Type Il development is a
transitional stage were the specific drawdads/constant for changing flow rates.
Eventually with continued development gpE Il development will occur where specific
drawdown will increase linearly with increasialv rate. There are two cases within this
type of development, where at lower flow rates, specific drawdown will increase linear
and then at higher flow rates the well viié underdeveloped. Type IV and Type V are
these two cases. The Type IV developnierd a fully developed specific drawdown at
smaller flow rates but at higher flow rates t#pecific drawdowndromes constant again
and thus transitional. Type V is fully developed at low flow rates similar to Type IV but
at the higher flow rates it starts to expecemigher specific drawdowns and thus much
larger well losses. Critical radius generatigreases into the filter pack in Type V

developed wells.

All wells generally go through the differetyppes of development with a consummation
in one of the last three categories. This ningstione before any pumping test can begin
for well efficiency determination. This inifiaevelopment is crucial to filter pack
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development and in determining how the wdll operate at many different flow rates.

These five types of development are seen in Figure 6.6 below.
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6.3.  Specific Capacity

Specific capacity of a well is defined e discharge of the well divided by the
drawdown. Simplistically it is the amount whter a well can provide per foot of
drawdown. The initial specific capacity ivary important gauge as to how a well

performs over time. A drop in well efficienend thus a drop in specific capacity can be

directly related to an increase in operatiacgdts. Thus it is important to initially have

the well complete developed to insure the highest degree of efficiency that a well will be

able to provide. A simple but yet tellingarple of this if found in Figure 6.7 below.

Figure 6.7 - Why a Loss in Specific Capacity Means
z000ePM - Higher Operating Costs  2gwocpum

- -“ﬁ ________________ - - . Static Water Level

Aquifer loss = 30 ft Drawdown in Aquifer loss = 30 ft \
Well = 40 ft \i
A

Drawdown in

\

Wellloss =107t Well =80 ft
Pumping Level Well loss =50 ft
y Pumping Level
Over Time,
[ = Screen Slots ) {5 <
Have Clogged —)
AQUIFER | < _W’ AQUIFER
=) H = Well Losses =) <=
8 by 40 ft !
Specific Capacit y ” Lo
When Well Was New = 50 gpmift Current Specific Capacity = 25 gpm/ft
Additional Annual Operating Costs Assuming Well Operates 16 hrs/day
Q xHx0.746 2000 gpm X 40 ft x 0.746
Add Cost = ————————— x hrs x $/Kwh Add Cost = X 5840 hrs x $0.12/Kwh
3960 x e 3960 x .65

Additional Annual Operating Cost ~ $16,000

Static Water Level

(Courtesy of Dennis Williams, Geoscience Support Services, Inc., 2008.)
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Chapter 7. COMPARISON OF LABORATORYFIELD TEST RESULTS, AND

THE INDUSTRY DESIGN STANDARDS
In Appendix 5, field well data is analyzedfour different type®f aquifers found in
southern California, very case, coarse, medium and fine grain sand aquifers. This data
comprised of 100 wells with over 400 aquifer sieves analysis. This data was then
compared to the laboratory data. Whais found in the field analysis was quite
interesting. In Chapter 5, Case 1, the aad aquifer was a great example of a well
moving to much sand when the Pack/Aquifer ratio was smaller than four. Case 2, in the
fine sand, was an example of the coarse aghdee pack aquifer ratios over 6 and seem
to be closer to 11.5 with no mawent of fine sands, thusi# suggested that the Filter

Pack/Aquifer Ratio Recommendations of 4-6 need to be changed form 4-10.

Terzaghi’s Migration fator did not seem to have muchan effect on either the field
data or the laboratory analysisalso varied deending on what type of aquifer the well
was drilled in. In the fine grain aquifeBerzaghi’'s Migrationdctor were all around 4
and only in the sieves thaent above 4, was there any sanding issues. In the sand
invasion tests performed ingtiaboratory, the TerzaghiMigration factor was 6.56 and
it was stabilized by the filter pack to the pbihat it completelglogged the filter pack
and there was no migration of the fines ia tfevelopment stages. In the medium and
coarse grain aquifers, the aquifer sievesevadready so large that the Terzaghi’s
Migration factor were all wiebelow 4. It is therefore mdmmended to keep it below 5

with special attention paitb fine grain aquifers.
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Terzaghi's Permeability factor was initiallgsumed to be greater than 4. The laboratory
findings were found to be all above four irder to maintain proper stability of the filter

pack and aquifer. The field data showed that the Terzaghi’'s Permeability factor changed
again depending on the aquifer type. Ferfihe grain aquifers the Terzaghi’'s

Permeability factor were all well above folks the aquifers increased in grain size the
Terzaghi’s Permeability factor decreased such that the very coarse grained aquifers were
found to be below four. It was thus determined that the Terzaghi’'s Permeability factor
should be above four and lower then 25 witkraion paid to the fger grained aquifers.

With most of the large grained aquifersg filter pack becomes more of a formation
stabilizer and thus both of T@ghi’'s factors are not as prortant. One note would be any

fine sands mixed into the large grain diaemations might cause some sanding issues.

The Uniformity Coefficients varied considehalin the field findings due to the aquifers
being heterogeneous from the underlying geickdgprocesses that deposited them. There
were no patterns or distinctiots a Uniformity Coefficientn one grain size to another.
From the laboratory testing it was founathkery uniform aquifers, Uniformity
Coefficients close to one, were able tostabilized by filter packbut the likelihood of
finding these in the field were small. It walso found that large Uniformity Coefficients
were much harder to desigrfilter, but at times thig/as the only aquifer that was
available and producing viabigiantities of water. Teaghi (1996) stated that a
Uniformity Coefficient between 1.04 andbas very little diect on permeability

compared to the influence of the size of $heallest particles. Therefore attention needs

to be paid to Uniformity Coefficients and hdhey relate to the overall filter pack design.
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The Sorting Factor also varied considerahlyhe field findings for the same reasons
stated above. In designing a filter pack arotiedUniformity Coefficient, the type of
aquifer plays an important part in determipithe Sorting Factor. lime field findings it
was determined that the sorting factor haée¢hranges. The coarse aquifers had sorting
factors generally above 0.1, the medium agsifeere above 0.16, and the fine aquifers
were generally above 0.3. The laboratory ltssuere all above 0.3 and went all the way
to 2.5. The result in the lab were misleadinghese is rarely aaquifer found with a
Uniformity Coefficient close to 1, therefoitewas determined that the Sorting Factor
should be between 0.1 and 1.0 with attentiad pathe aquifer types that the well is

designed in.

The Slot Factor for the fidlfindings was below 0.35 for rmbconditions and efficient
performing wells. In the field fidings, the Slot Factor was able to be pushed up to 2.75.
Care needs to be taken to ensure that the well slot is large enough to avoid the well from
completely clogging during development. It whas determined to keep the Slot Factor

below 2.5.

The Percent of Filter Pack Passing the wekao has long been debated in the water
well design field. Many referencéswve stated as to notuealarger than ten percent
passing. The field findings showed that fhercent passing ranged from 2.2 to 22

percent. In the lab findings this criteriaas pushed all the wag 43 percent without
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moving any sand. It was thus determine#te¢ep the Filter Pack Passing below 25

percent passing.

The final design criteria examined was thatha Critical Radius. The critical radius
calculations were quite appatan the laboratory as antrolling factor in additional
head loss from turbulence extending from tiell bore out into the filter pack. In the
sand invasion testing in Chapter 8.0, the critiadius extended out into the filter pack 5
inches with a significant decrease in wéfiagency. In the field findings, there are more
than a dozen wells that had enough zonengstn discrete well seened intervals to
determine the Critical Radius for eaamne. Most of the wells had sufficient enough
diameters that the Critical radius never extended into the filter pack. There are four wells
in all three aquifer types in which the criticatlius did extend into the filter pack. Three
of these wells had a significant decreasefficient as a result of this. This decrease in
efficiency was found to be similar to a decremsefficiency in thdaboratory findings. It

is thus determined to keep thetiéal Radius inside¢he well bore.

In the laboratory findings of Chapter 6.0, @lithe screens were run and efficiencies

found. The Design Standards were examined,the results of thigeld and laboratory

findings are made in Table 7.1 below.
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Table 7.1 Field Versus Laboratory Findings
Standard Critical Design Criteria Field Findings Laboratory Findings

Filter Pack/Aquifer Ratio

1 (Dsor/dsoa) 4-10 4-14.4
Terzaghi's Migration Factor

2 T(D1se/dgsa) (76 d66
Terzaghi's Permeability Factor

3 Tp(D15F/d15A) 1.4 ch ( 96.8 t4
Uniformity Coefficient, C,

4 (dsoa/d10n) 17 (Cu (352 13 dCu (6

. Sorting Factor, S; (Cu/Cus) 005 (¢S, ¢15 | 013dS, (248

6 Slot Factor (dsoa/Slot Width) 28 d139

7 Percent of Filter Pack Passing (22%% d43%

8 Critical Radius, r. - dldnches

Dsor = Diameter of the Filter pack at 50% Passing (mm)

dson = Diameter of the Aquifer at 50% Passing (mm)
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Chapter 8. MAJOR FINDINGS

8.1.  Water Well Efficiency

One of the unique and independent findingthef research was verifying the Step
Drawdown Method as a valid and moobust method for determining water well
efficiency. We quantified the aquifer lossdawell loss coefficients from this method to
determine efficiencies at various operatidi@v rates of a specific water well pumping
scenario. Over the years the water wadlustry has consistently used the original
efficiency equation given in 3.7. The Contienal Method'’s efficiency is the difference
of the drawdown versus the theoreticawdown in a well. As discussed by Williams
(1981) there are many more terms which caadued to the loss term of the well to get a
better idea what the true efficiency of thell is at various operational flow rates. The
theoretical drawdown can often times be ovéimeded. In Chapter 6 all of the loss terms
associated with the well screens were deitgethfor various different flow rates in
several different step tests. In general 85LS had similar efficiencies as the SSWWS
for each given slot sizes. The efficienciestfie SSLS are seen in Figure 8.1 below. It is
interesting to note that the 0.0125 in. and the 0.093 in. slot size for the SSLS had very
similar efficiencies. There was no noticeadifference between those two screens.
Figure 8.2 is the efficiencies for the SSWWgjure 8.3 is the comparison of the SSLS
to that of the SSWWS. From Figure 8.3 iseéen that most of the SSLS have similar

efficiencies to their corresponding SSWW$ éach slot size except the 0.093 in. and the
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0.080 in. Both of the slot sizes in the SSA® more efficient then the SSWWS. Figure

8.4 below shows the difference in tledsvo slot sizes for each screen.
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Another major finding was that of the slhrglot size screens in the SSWWS and how
inefficient they are at higher flow rates.é&de small slot size screens would not perform
well in a municipal type setting becausdethe high flow rate demands which are
expected. In Figure 8.5 the SSWWS 0.093 ishiswn in comparison to that of the
SSWWS 0.010 in. It is intergsg to note that in Figur8.5 the aquifer loss terms are
very similar but the well loss terms varyegtly as flow rates srease. For the design
well to operate at 65% efficiency, Table 8.1 below shows the difference in specific

capacities one would get if they desigredell with a 0.093n. SSWWS vs. the 0.010

in. SSWWS.
Table 8.1 Specific Capaciti@s Different Wire Wraps
Specific
Flow rate, Capacity, Q/s
SSWWS (in.) Q (gpm) Efficiency, % Drawdown, s (ft) (gpm/ft)
0.093 70 65% 1.63 43
0.01 45 65% 1.18 38
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The verification between the two well effic@nmethods is seen in Figure 8.6 and 8.7
below. Figure 8.6 compares the discharge to the efficiency of the two methods, Step
Drawdown and Conventional Methods, the 0.080 SSLS and as you can see they
correlate very well throughout the dischaojehe well. Figure 8.7 compares the same
two methods for the 0.010 SSWWS which catelwell until the higher discharge rates
of the well occur. The higher order loss tewhshe well begins to become apparent at
these high discharge rates. As discussetpendix 3 and in the following, the well loss
term becomes larger as the well scrbegins to clog. The Step-Drawdown Method

accounts for these losses bettamtlthe Conventional Method.

FIGURE 8.6 - Discharge vs Efficiency 0.080SSLS
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FIGURE 8.7 - Discharge vs. Efficiency 0.010 SSWWS
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Table 8.2 below shows all of the efficiencfesthe all of the welscreens tested using

the Step-Drawdown Method.
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Table 8.2 - Well Efficiency, E = BQ/(BQ+CQ 2) via Step-Drawdown Testing

Pumping Rate, |[SSWWS |SSWWS [SSWWS |SSWWS [SSWWS |SSWWS |SSWWS [SSLS SSLS SSLS SSLS SSLS
Q (GPM) 0.010 0.020 0.040 0.060 0.080 0.093 0.125 0.040 0.060 0.080 0.093 0.125
98.8% 98.9% 99.0% 99.2% 99.2% 99.2% 99.3% 99.0% 99.2% 99.2% 99.3% 99.3%
97.6% 97.9% 98.0% 98.4% 98.4% 98.5% 98.6% 98.1% 98.3% 98.5% 98.6% 98.6%
96.5% 96.9% 97.1% 97.6% 97.6% 97.7% 97.9% 97.1% 97.5% 97.7% 97.9% 97.9%
95.4% 95.9% 96.2% 96.8% 96.8% 97.0% 97.2% 96.2% 96.7% 97.0% 97.2% 97.2%
94.3% 94.9% 95.3% 96.0% 96.1% 96.3% 96.6% 95.3% 96.0% 96.2% 96.5% 96.6%
93.2% 94.0% 94.4% 95.2% 95.3% 95.6% 95.9% 94.4% 95.2% 95.5% 95.8% 95.9%
92.2% 93.1% 93.5% 94.5% 94.6% 94.9% 95.3% 93.5% 94.4% 94.8% 95.2% 95.3%
91.2% 92.2% 92.6% 93.7% 93.9% 94.2% 94.6% 92.7% 93.7% 94.1% 94.5% 94.6%
90.2% 91.3% 91.8% 93.0% 93.2% 93.5% 94.0% 91.8% 92.9% 93.4% 93.9% 94.0%,
10 89.2% 90.4% 90.9% 92.3% 92.5% 92.8% 93.4% 91.0% 92.2% 92.8% 93.3% 93.4%)
15 84.7% 86.2% 87.0% 88.9% 89.1% 89.6% 90.4% 87.1% 88.8% 89.5% 90.2% 90.4%
20 80.6% 82.4% 83.4% 85.7% 86.0% 86.6% 87.6% 83.5% 85.6% 86.5% 87.4% 87.6%|
25 76.8% 79.0% 80.1% 82.7% 83.1% 83.8% 85.0% 80.2% 82.6% 83.7% 84.7% 84.9%
30 73.4% 75.8% 77.0% 80.0% 80.3% 81.2% 82.5% 77.2% 79.8% 81.0% 82.2% 82.4%
35 70.3% 72.9% 74.2% 77.4% 77.8% 78.7% 80.1% 74.3% 77.2% 78.6% 79.8% 80.1%)
40 67.4% 70.1% 71.5% 74.9% 75.4% 76.4% 77.9% 71.7% 74.8% 76.2% 77.6% 77.9%
45 64.8% 67.6% 69.1% 72.7% 73.1% 74.2% 75.8% 69.3% 72.5% 74.0% 75.5% 75.8%
50 62.4% 65.3% 66.8% 70.5% 71.0% 72.1% 73.8% 67.0% 70.3% 72.0% 73.5% 73.8%
55 60.1% 63.1% 64.6% 68.5% 69.0% 70.2% 72.0% 64.8% 68.3% 70.0% 71.6% 71.9%
60 58.0% 61.0% 62.6% 66.6% 67.1% 68.3% 70.2% 62.8% 66.4% 68.1% 69.8% 70.1%
65 56.0% 59.1% 60.7% 64.8% 65.3% 66.6% 68.5% 60.9% 64.6% 66.4% 68.1% 68.4%)
70 54.2% 57.3% 58.9% 63.1% 63.6% 64.9% 66.9% 59.1% 62.9% 64.7% 66.4% 66.8%)
75 52.5% 55.6% 57.2% 61.5% 62.0% 63.3% 65.3% 57.5% 61.3% 63.1% 64.9% 65.3%
80 50.9% 54.0% 55.7% 59.9% 60.5% 61.8% 63.8% 55.9% 59.7% 61.6% 63.4% 63.8%)
85 49.4% 52.5% 54.2% 58.5% 59.0% 60.4% 62.4% 54.4% 58.3% 60.2% 62.0% 62.4%
90 47.9% 51.1% 52.7% 57.1% 57.7% 59.0% 61.1% 53.0% 56.9% 58.8% 60.6% 61.0%)
95 46.6% 49.7% 51.4% 55.7% 56.3% 57.7% 59.8% 51.6% 55.5% 57.5% 59.3% 59.7%)
100 45.3% 48.4% 50.1% 54.5% 55.1% 56.4% 58.5% 50.3% 54.3% 56.2% 58.1% 58.5%
110 43.0% 46.1% 47.7% 52.1% 52.7% 54.1% 56.2% 48.0% 51.9% 53.8% 55.7% 56.2%)
120 40.8% 43.9% 45.6% 49.9% 50.5% 51.9% 54.1% 45.8% 49.7% 51.7% 53.6% 54.0%)
130 38.9% 41.9% 43.6% 47.9% 48.5% 49.9% 52.1% 43.8% 47.7% 49.7% 51.6% 52.0%
140 37.2% 40.2% 41.8% 46.1% 46.7% 48.0% 50.2% 42.0% 45.9% 47.8% 49.7% 50.2%)
150 35.6% 38.5% 40.1% 44.4% 45.0% 46.3% 48.5% 40.3% 44.2% 46.1% 48.0% 48.4%
160 34.1% 37.0% 38.6% 42.8% 43.4% 44.7% 46.9% 38.8% 42.6% 44.5% 46.4% 46.8%
170 32.8% 35.6% 37.1% 41.3% 41.9% 43.2% 45.4% 37.3% 41.1% 43.0% 44.9% 45.3%
180 31.5% 34.3% 35.8% 39.9% 40.5% 41.8% 44.0% 36.0% 39.7% 41.6% 43.5% 43.9%
190 30.4% 33.1% 34.6% 38.6% 39.2% 40.5% 42.6% 34.8% 38.4% 40.3% 42.2% 42.6%
200 29.3% 32.0% 33.4% 37.4% 38.0% 39.3% 41.4% 33.6% 37.2% 39.1% 40.9% 41.3%

Ol | N IWw[N] =

8.2.  Verifying the Critical Radius Theory

The Critical Radius of a well is the poiat, which the flow becomes transitional, it
initially starts at or inside the well boracas time and flow ratecrease the radius

grows out beyond the well screen into the fiiack. This change demarcates the point at
which the efficiency of the well begins to dease due to an increase in head loss in the
near well zone. This is discussed in Ciea® above. To verify Williams (1985) Theory

of the effect of criticatadius on well efficiency, we aneased the near well losses by the

addition of fine sands in the near well zone. This decreasmamnwell loss is attributed to
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the fine sands not only clogging up the slatthe well but also the pore space in the
filter pack making it less permeable thusdefficient. Figure 8.8 below is a photo of the
setup in the laboratory to accomplish tfAikis method allowed us to accelerate the
degradation of the well and quantify the aquéad well loss coefficient terms in relation
to different flow rates of the well usingelStep Drawdown Method. This allowed us to
verify the Critical Radius Theory and itdagon to the demarcation of flow transition
within the near well zone. Videos of tleffect were also recorded showing both the
sand migration through the filter pack as vasllthe fine sands clogging the slots of the

well screen adding to the well losses.

Figure 8.8 Fine Sand Invasion Setup
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This permanent decrease in specific capacity of the well lowered the efficiency from the
80 percent range all the way down to the 2@@at range. A graph of this is seen in

Figure 8.9 below. The well loss componenth# system started at 1E-4 ft/gpamd
increased to 1.6E-3 ft/gpmiThis significant increase in well loss is one of the major
contributors to a decrease in well efficierayd a change in specific capacity of the well
from the initial testing of 25 gpm/ft to 5 gpft or change from 80% efficiency to 20%
efficiency after the fine sand migration. This change means that there would be less
gallons pumped from this well per given footh&fad in the well and thus a large increase
in the amount of energy which would be reqdite operate this welit a similar flow

rate from the initial flow rate established by this well.

From Figure 8.10 below, we see the distanesvdown test. At different flow rates the
well losses begin to increase as time and flate increase. The critical radius is also
plotted on this figure to show where the flomtes become turbulent and the well losses
begin to increase and extend into the filtack This change happens to a point where

the well becomes completely clogged and ftifieiency of the well drops to 20 percent.
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8.3.  Verifying the Critical Design Criteria

The initial research examined only partloé Critical Design Criteria, Table 4.1. These
initial tests, which were rum Appendix 3-4, were done withoatfilter pack so that the

B’ and the B” terms in the equation below are negligible thus only leaving the formation
loss coefficient and the well loss coefficientigtermine the efficiencies of each well
screen and slot size.

(1.7)

BQ 100
BQ BQ B'Q" CQ

E = Efficiency of pumping well, (%)

B = Formation loss coefficient (ft/gpm, m/l/s)

B’ = Damage zone loss coefficient (ft/gpm, m/l/s)
B” = Filter pack loss coefficient (ft/gptnm/(I/s)")

n = Exponent (1<n<=2)

Q = Well discharge (gpm, I/s)

C = Well loss coefficient (ft/gpfam/(l/sy)

When filter packs are added to a smaller sexgaifer, the ability to test other Ciritical
Design Criteria of the well/aquifer systdsacame more apparent. There is no drill
damage zone in the laboratory testing thllishe losses are well loss and filter pack

losses.

To test the design criteria, we placed outside the filter pack of the well, fine sands as
shown in Figure 8.8. Both of the tubes oa kbft and right of Figure 8.8 allowed a

camera to video the movement of the fsamds through the filter pack and the well
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screen itself. The 70x140 sand was selectet gt 100% of it would pass through the
well screen in an effort to see what thiatienship between it aritie filter pack would
be. The filter pack is designed to stabilize #guifer and the well screen is designed to
stabilize the filter pack. Thisame set of experiments was duplicated with 40x60 fine
sand. Sieve analysis of these two different iarseen in Figure 8.11 below. The results
were a bit unexpected in regards te #x140 sand, it was not expected to migrate
through the entire filtepack and through the well screentekfthe first set of tests it was
found that the 70x140 sand was completelgaeed in the experiment and it had
migrated through the filter pack, and pasgedugh the well screesind into the well
bore. The efficiency change in this testsweegligible thus there was only raw-hiding
preformed in which no change happenethtowell or well efficiency. The well never
dropped in its initial efficiencyue to the absence of findsit if this was a production

well it would have had tremendous sanding issues.

The second set of tests is a bit difféarelhe 40x60 sand did much less migration
throughout the filter pack and most of it clogghe well screen anat the filter pack.

This was visually seen in the Borescope migithe test. The migration affects were much
slower and all of the filter pack was cloggéigure 8.11 shows the sieves of the filter
pack before invasion of the fine sands, the fine sands, and the filter pack after the fine
sand invasion. It is thus shown that {fOx140 sand passed through both the filter pack
and well screen. There was no residual clogging of the filter pack by fine sands and

therefore no change in tis&eve curves before amdter invasion by 70x140 sand. The
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40x60 not only clogged the filter pack and wellessr but much of it wasft in the filter

pack as seen the seeafter the 40x60 invasion.

The results of these migration tests quantifiedesof the limits of filter packs ability to
stabilize a particular aquifer. Both of the fine sands were extremely uniform and within
the recommendations of the field anddaatory findings. Th&0x140 fine sand had a,T

of 10.7, and it completely migrated through thterf pack. It was a&o smaller then the

well slot size, thus it passed through vl screen and into the well bore. The 40x60
fine sand had a,Jof 6.56, and it moved through th#dr pack but not completely. It

also was finer then the wellaglsize but it bridged alongetwell screen clogging most of
the open area. These results are seergur&i8.11 below. The lowing table is the

findings of the results of the two invasion tests preformed above.

It is interesting to note thatladf the tests fall within the @eria given it Table 7.1 except
Terzaghi’'s Permeability factor. The testioigthe 70x140 had no impact on the efficiency
of the filter pack with the permeability factbeing lower than 4. But the Invasion test of
the 40x60 fine sand, efficiency’s dropped afhsiderably and thieead loss through the
well screen greatly increased. This is shatove via Step-Drawdown Method as well

as the Constant Rate Method.
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Originally it was thought that if the slot the well screen was too large that a large
amount of the filter pack would pass throubk well screen. Many well designers stated
that the slot width should not allow moreth10% passing of the filter pack through the
well screen, i.e. that the slots size shdadcho large then the 10p&ssing size of the

filter pack being used. As seen in the FigB1 the fines of the aquifer never migrated
through the well screen as oregected. Even the largestesen slot size, 0.125 in., did
not change the filter pack to a veryda degree. The 0.125 SSWWS had a 43% passing
through it but yet an insignificant amountroaterial, less than 1 part per million,

migrated through the screen. This example had a Slot Fagtgre&er than 0.5.

It was there for determined that one of thiahdesign criteria of Chapter 4 with regards
to the Slot Factor was not correctly defined tfars The Slot Factor was originally stated
as;

s _Yu 405 (4.6)

Slotwidth

S = Slot Factor (Design Criteria from Chapter 1)

Slot width = Slot width of screen (in., mm)

In many cases the Slot Factor can be grahter 1.4 but it must be compared to the

aquifer and filters being used. As seetthia tests above the 70x140 material was not
stabilized by the filter pac&nd thus passed through thdlwsereen. This research has
verified that the filter pack design shoudd used to stabilize the aquifer and the well

screen used to stabilize the filter pack.
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From Chapter 5, the field analysis gave aimbroader look at the different wells in
various geological settings. From this Cteapve found that the Filter Pack/Aquifer
Ratio can be much larger than once assumeel Iaver limit of 4 is still very important.
If this ratio is smaller than 4, in finegn aquifers sand migration becomes a problem.
We also saw in Chapter 6 that in coarsarmgaquifers that thBercent Passing of the

filter pack can be larger and the slot factor can be closer to 1.4.

The findings thus far have determined ttnet geological specifics must be taken into
account before a design is to be undemta Most importantly proper development
coupled with good well design Wivprovide simple, strongral efficient wells providing

water for many years to come.

Table 8.4 is the results tfe field and laboratory findings made above. From these

findings and current design practiceg tonclusions and recommendations are

formulated and thus represented below.
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Table 8.4 Final Well Design Criteria

Conclusions &
Standard | Critical Design Criteria Field Findings Laboratory Findings Recommendations

Filter Pack/Aquifer Ratio

1 (Dsor/ds0a) 4-10 4-14.4 4-10

2| Ty reen Fecer (76 (66 d5

3 | FocorTDuidag 14 T, 968 t4 4 dT, 25

b | oy Costictent, C. 17 ¢C, ¢352 | 13(C, (6 | 13dC, (12
5 | Soring Facior, S (CulCu) 005¢S, (15| 013 ¢S, (248 | 01dS, 10
6 Slot Factor (dsoa/Slot Width) (276 139 d25

7 | asang e e 2% (A d2%

8 Critical Radius, r. ) c¢1dnches dwellBor

Dsor = Diameter of the Filter pack at 50% Passing (mm)

dson = Diameter of the Aquifer at 50% Passing (mm)

8.4. Well Development

To properly determine when a well is contplg developed or not, we rely on specific
drawdown plots as discussed in Chapter 6.0 above. These five types of development let
us determine flow rates, aquifer parametefficiencies, and pumping rates for that well.
Well development takes place slowly, begng at lower flow rates and slowly

increasing with time while measuring sand cohierthe effluent of the well. A well will
initially be Type | as shown in Chapter 6.0 dhdn transition into a Type Il with surging

and slowly increasing flow rates. Eveally with time and increased pumping and
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surging, the development will transition irdol'ype lll. Figure 8.12 is an example of a

well in the field where tis development took place over six days of pumping.
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When development reaches Type Il it ismgeted, assuming sand content in effluent
stream remains low, generally below 1 pgets million (PPM). From this point one can
then start pumping tests to determine the aquifer parameters, well efficiencies, and the
design pumping rates for the well owner. Somedis will stay in a Type IV or V
development stage. This may occur from inadequate development time, aquifer
formations that will never allow completievelopment, stream or river recharge, or
increases in critical radiwg higher pumping rates. Th&o wells in Figure 8.13 are two

wells which are examples of Type IV and V.
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Figure 8.13 Field Development Types

CVWD 4613-01 (Type IV)

0.02 | |
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Critical radius also plays aggiificant role in well developent and well efficiency. From
discrete flow tests performed on specifipider intervals, the well below went through

Type | development and then into Type Ivd®pment. The transition between Type I
and Type lIl development was slow and tiffecency of the well, 70%, did not improve
from the design flow rate. This well also did not exhibit strong Type Ill development

curve. The development of this well is seen in Figure 8.14 below.

Figure 8.14

LACWD 40 4-68 Well Development

0.45
The final development on 6/24/2004
reached a Type lll, but the efficiency
0.4 N was still only 70%. The Critical
Radius exceeded the Well Bore in
0.35 two different screened intervals and  —
s . thus a decrease in overall efficiency
% 0.3 4 of the well.
=3
g 0.25
2] . * 1
d \
2 N
0.2
E s N
o N
a N
g 0.15 + Q‘ -
3 w“t N
=3 . N X n
n 0.14 =N ~ R A
~ X
0.05 -
0 . T T T T

Type Il (6/1/2004)

Type Il (6/4/2004)

200 400 600 800 1000 1200
Flow Rate, Q (GPM)
o 5/27/2004 = 5/28/2004 6/1/2004 6/2/2004
x  6/3/2004 6/4/2004 — — Type | (5/27/2004) — — Type | (5/28/2004)

Type Il (6/2/2004)

1400

The sieves analysis of the well is s@efigure 8.15 below. Albf the design criteria

were within acceptable limits except thenes of 260-270 feet and 360-370 feet had low

Sorting Factors compared to the other gegsiof this well. In Table 8.5, the design
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criteria for all of the aquifers are shown adlvas the critical radius for each zone in the
well determined by a flow spinner survey. \8&e that the two zones, 260-270 and 360-
370 feet, both have criticald& outside the well borélhe zone 360-370 feet has a
tremendously large critical radius of over 5 tgbat of the well bore, 43 inches in a well
bore of 8 in radius. This is arfge contributing factor to theedrease in efficiency of this

well.
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Table 8.5 - Design Criteria LACWD 40 Well 4-68
Filer Terzaghi's Terzaghi's Uniformity Percent Percent
Pack/Aquifer |Migration Permeability |Coefficient, [Sorting Slot Factor |Aquifer Pack Filter Pack Well
Ratio Factor Factor Cu Factor, Sf (d50/Slot  |Passing Well|Critical Passing Slot Diameter
Well Depth (Dsor/dson)  |(Dise/dagsa) (Di5e/d;50) (d60A/d;0s)  |(Cug/Cun)  |Width) Slot Radius (in)|Well Slot  [Size (in) | (in) Efficiency
180-190 18.01 1.98 30.07 7.06 0.31 0.08 96 1.62 18.50{ 0.070] 16.000 69.7
230-240 3.97 1.04 16.50 10.90 0.20 0.38 88 7.37
240-250 8.93 1.28 24.64 14.43 0.15 0.17 92 3.27
\l;\lAé:IYIY?I»g(B) 260-270 2.70 0.75 10.11 12.65 0.17 0.56 76
(Medium) 320-330 7.43 0.94 19.86 8.97 0.24] 0.20 85 6.57
Type Il 360-370 7.17 1.29 27.91 18.93 0.12 0.21 94
420-430 22.23 5.84 64.85 8.73 0.25 0.07 99 1.31
460-470 6.45 1.60 10.48 4.51 0.49 0.23 98 4.53
480-490 4.58 0.80 17.84 13.18 0.17 0.33 80 6.39

A similar well in the same well field had a dease in efficiency due to a critical radius
outside the well bore. The sieve analysis treddevelopment of the well are seen in
Figure 8.16 below. From Table 8.6 below we sgain the critical dius of 10.9 inches

at 620-630 feet. This well hah efficiency of 71%.

Table 8.6 - Design Criteria LACWD 40 Well 4-66
Filer Terzaghi's Terzaghi's Uniformity Percent Percent
Pack/Aquifer |Migration Permeability |Coefficient, [Sorting Slot Factor |Aquifer Pack Filter Pack Well
Ratio Factor Factor Cu Factor, Sf (d50/Slot  |Passing Well|Critical Passing Slot Diameter
Well Depth (Dsor/dson) (D1se/dgsp) (D1se/d1sn) (d60A/d100)  [(Cug/Cup) Width) Slot Radius (in)|Well Slot  [Size (in)|(in) Efficiency
400-410 10.37 2.33 18.99 7.27 0.37 0.19 97 2.294 17.86| 0.060| 16.000 71
440-450 8.62 1.94 18.93 7.47 0.36 0.22 96 2.760
LACWD 40 480-490 9.94) 1.71 21.97 11.33 0.24 0.19 94 2.392
WELL 4-66 490-500 8.70 1.59 19.76 9.63 0.28 0.22 93 2.733
Medium) 520-530 10.05 1.42 26.63 13.47 0.20 0.19 91 0.660
Type | 540-550 7.83 1.16 18.57 9.80 0.28 0.25 87 0.399
580-590 11.18 1.53 27.76 12.60 0.21 0.17 91 2.429
620-630 5.85 1.04 17.57 12.80 0.21 0.33 84
650-660 9.34] 1.09 16.12 5.38 0.50 0.21 85 2.547

Three other wells had enough data from spirseveys to determine flow rates where
the critical radius extended into the well &oAll of the wells that experienced this
behavior had efficiencies below 70%. Téree note to be made on both of the wells
above is that over two-thirds of the wapgoduced by the wells comes from the high
critical radius zones. In that scenario water quantity is the driving criteria for the water

agency in design and operation of their wells.

88



Percent Passing, %

Specific Drawdown, s/Q (ft/GPM)

Figure 8.16 LACWD 40 Well 4-66 Well Development
(Courtesy of Dennis Williams, Geoscience Support Services, Inc., 2008.)
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Chapter 9. CONCLUSIONS

The conclusion of this research has lead tayneew criteria that an engineer can use to
design a well in any given type of aqugeFrom development stages to actual well
design, the engineer will nolave a greater understandmitthe relationships that

design and development have on a partionkr and how ultimately the well owner can
dictate a particular well opations based on these design criteria. This research has
shown how step drawdown testing can nowbed to determine all of the well loss
components of a well. It also has shown hoitvaal radius can decrease the efficiency of

the well and thus drive up the opioa cost of a particular well.

Well development has also been explored,tarsdresearch has determined the different
stages a well undergoes during developmEms research hasiewn that proper well
development between the end of well congtomcand before pump testing begins is
extremely important. Proper well developmetilt ensure that a well is hydraulically
developed and producing the highest quastibiesand free water. The well development
can be extremely time consuming and thews/ costly if notpreformed properly. The

duration of development can be evenger if the well design is poor.

This research has allowed for laboratory testf field theories that might damage or
destroy a well if tried in the field. It looked s&nding issues and how a filter pack design
can either stop the sand invasinto a well or let it completely pass through the filter

pack and into the well bore. With the use of the Borescope camera in the well/aquifer
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model, this research was able to watclaindanding issues would do from the aquifers

perspective in a well that &a bad filter pack design.

Well efficiencies were determined for all the Wire Wrap and Louver well screens
which are popular on the market today. Bffiiciencies for various slot sizes under

various pumping conditions are present in Chapter 8.0 above.

Finally all of the field datand the laboratory testing ledaccritical water well design
criteria given in Table 8.4 above. The averagsign criteria for tndifferent types of
aquifers surveyed are given in Table 9.1 belbhis data coincidewith the Conclusions
made in Table 8.4, and it will give engineesdimates at which their parameters should

be close to in designing any given weltie four different types of aquifers.

91



ommmﬁooo %SC. | %00T. | ST« |0T.'S.TO|2T."0.€T|G2. Luv| S« [OTOIY | SNOILVANIWNOOTY NOISIA
800 1G6'GT 70°GS 76°0 9€'0 €9/ 8LV 0S50 ce'¢ SY34INOV ISYVOD AYIN
800 9671 9G°€8 8€0 €e0 188 Vvl ve'1 829 SY34INOV ISYVOD
200 9191 18°/8 ce0 870 68°L EV9oT /ST L0'8 SY34INOV WNIAIW
900 8E'V1 0.96 8T°0 870 ¢L'S 0€'1¢ L0°€ 0C'11 SY34INOV 3ANIH
(un sziIs101S|  10IS lIIM 10IS IIPM (WpIm (vno/4n2) (VOTP/v09P) (vatp/dsta)| (vssp/4sta)| (vosp/40sa) sadA ] Jajinby

Buissed Buissed xoed| 10is/05p) JS ‘10104 Buiuos nD ‘8101800 l010e4 lojoe4 oney

Noed J9yid| Jeynby wusdiad| J010e4 10|S Awioyun Aljiqeswiad uoneiBiN| 1eynbypioed

JUCLIER| sybezia | s ybezia | 19114

pakaning 1ajin

Vv Jo sadA] 1ualaylq Joj euaiu) ubisaq abelany - T'6 a|gel

92



Chapter 10. EXAMPLE OF A WELL DESIGN

10.1. Well Design Outline

There are many aspects that go into the design of a water well and some of which are
beyond the scope of this chapter. Many timesngineer has to choose from certain
properties that a water agentyght have to build a water well and pumping facility
which might not be the most favorable sfmtthe well but none thiess the design must
still fit the area and well owner’s needs. Sameortant criteria that go into well sighting
are;

x Ground water production potential,

x Ground water quality,

x Potential for interference withxisting production wells, and

X

Ability to comply with Health and Safety and or the Federal requirements.

After a sight has been chosen simple stepsheaiollowed to insure that the well design

will produce the highest quantities of sand free water with the best available water quality

for that particular site.

Step 1. Drill and install a surface casing toomply with local and state

requirements.
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Step 2. Drill a pilot bore to target well depth taking formation samples at discrete
intervals to be able to determine aquifer layers and depths as well as other
geologic interfaces.

Step 3. Conduct a suite of geophysical logs in the completed pilot bore which
would include but not limited to;

a. 16-inch and 64-inch normal resigty with point resistance,

b. Spontaneous potential (SP),

c. Focused guard resistivity (Lateral-log),
d. Acoustic (sonic),

e. Gamma ray,

f. Caliper,

g. Spinner survey.

By comparing the analysis of the fortisa samples with the geophysical logging,

discrete zones can be determifi@dmore quantitative testing.

Step 4. Conduct an aquifer zone test in thesost favorable aquifer zones to
determine zone flow rates and water quality.

Step 5. Examine the geophysical logs of tp#ot bore. Compare these with the
sieve analysis of the formation sampaken during drilling. And compare
the quality and quantity produced duritigg zone tests to design the final
production well screen.

Step 6. Begin ream of the well to final well diameter.
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Step 7.

Step 8.

Step 9.

Design well screen and filter pack material.

Install well screen and blank casingtatal depth. Install filter pack via
tremie pipe. Install transitiosand and cement seal to surface.

Begin pump development and pumptites on the well fo a final pump

flow rate determination.

10.2. Example Well Design Steps

Below are the steps taken to design a siffifpex pack and welscreen for a 1500 GPM

in a medium to coarse grained aquifemwéts determined from geophysical logs, zone

testing, and formation sample sieve analitsad eight zones from90 feet below ground

surface (bgs) to 790 feet bgs would be sievad a filter pack design would be based on

those zones sampled.

Step 1.

Step 2.

Analyze the different filter pack aulability to the aquifer zones found.

Test all the filter packs versus the aquifers sieved to the Design Criteria
found in Chapter 8.

The figure below is the First Desi@iriteria based on the filter pack

chosen to fit within the design tife well. The difference in the 50%

passing of the Filter Pack must be between 4 and 10 times greater than the
50% of the Finest Aquifer Zone. &lFilter Pack/Aquifer Ratio was found

to be 9.47.
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Step 3. The next figure is the Second DgsiCriteria to be looked at, the
Terzaghi's Migration Factor. Theffdirence in the 15% passing of the
Filter Pack must be 5 times less thiaa 85 % passing of Finest Aquifer.

The Terzaghi's Migration factor was found to be 2.5.
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Step 4. The next figure is the Third Design @rnita to be looked at, the Terzaghi's
Permeability Factoilhe difference in the 15% passing of the Filter Pack
must be between 4 and 25 times the 15 % passing of Coarsest Aquifer.

The Terzaghi’'s Permeability factor was 7.31.

99



ww ‘Buiuado anais

00T 0T T TO 100
ugE Ut 4 80T 2T 9T 8T0Z 0 Oy  0S 09 00T 002 9A3IS 'PIS SN
A | ] ] [ [ l [ l ]
I — [TTTT TG
| STSS ®Joj 8z1s 10Is Ul 1600} "
L
N : #
<« = >
LN
1l 4 v |/
i /] \\ 10IS "Ul (ZE/E) 600 — — — ]
(12 =) J8ynby 1sesieo) Jo \ y
Buisspd 95 GT 9Y1 SaWI GZ UeYl SS| pue uey) Jarealb saw OAIRQ doed J8YI4 9T X Ul /T —e— L1
9q Ispw Xoed 18148y} jo Buissed 946 T 9 Ul 9ouaIapip ay L 7\ \
[s¥25) a._.,. v ‘(STpeffi010e4 Aljiqesw.ad s,1ybezia] H E# PHIWANS oed 1814 9T X Ul /T —o— —
! /)

g euaud ubisaq | ; ubisaq >oed Ja)i4 9T X “Ul /T —e— —

\ 081-0LL —e— |

N\ \‘ 0€,-02, —a— T

\ \ Y 02,01, —e— | |

\< 099-099 —v»—
\ 009-06S o

\0\ 065-08S o ]

d 0£5-025 —o |

\ ] 005067 —»— |

A
YA Lo . 1
210900 s|q9ad E=3T5) asi1eod A asieo) wnipsinl _ auH _ U A sse|D 9zIS ulels)
[EUCZ9) pues s yromiuspn

l010e4 Anjigeswliad siybezia] - £# eusiud ubisaq [eanud
sisAjeuy Buipelo [eaiueyossy -£'0T ainbi4

0T

0¢

0€

oy

0S

09

0L

08

06

00T

9 ‘Buissed uaoiad

100



Step 5. The next figure is the Fourth Bign Criteria to be looked at, the
Uniformity Coefficient. The differece in the 60% Passing of the Aquifers
and 10% Passing of the Aquiferaist be between 1.3 and 12. The

Uniformity Coefficient was found to be 4.6.
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Step 6. The next figure is the Fifth Desid®riteria to be looke at, the Sorting
Factor. The difference ingeand the Ga should be between 0.1 and 1.0.

The Sorting Factor was found to be 0.48.
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Step 7. The next figure is the Sixth Desi@riteria to be looked at, the Slot
Factor. The difference of the 50%sgsang of the Aquifer should be less

than 2.5 times the Slot Width. tkt factor was found to be 0.23.
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Step 8. The next figure is the Seventh Desi@riteria to be looked at, the Percent
of Filter Pack Passing. The Percentafi€ilter Pack passing through the
Slot Width of the well screerhsuld be less than 25% Passing. The

Percent of Filter Pack Bsing was found to be 17%.
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Now that the well has been designed and all criteria meet the well can be built. In this

case the well was screened from 465 ftagd to 795 feet bgs. Blank well casing was

installed from ground surface to 465 feet bgsd again from 795 feet bgs to 815 feet

bgs. Figure 10.8 below is the pump developntbat took place onhis well over the

course of seven days. From this figure we e well start as Bype 1 development and

transition into a Type Il and finally into a Type Il development.
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o
o
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Specific Drawdown, s/Q

o
o
@
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Figure 10.8
Development for Example Well
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- .
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The pump testing was then preformed on the example well to establish well and aquifer

parameters and to determine a final gegpumping rate. Figure 10.9 below is the step

drawdown test for the example well. The spedrawdown plot in Figure 10.10 shows

that the well is a Type Ill development with 90 % efficiency at the design flow rate of

1500 GPM.
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Figure 10.9
Step Drawdown Test - Example Well
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Figure 10.10
Specific Drawdown Graph - Example Well
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Finally the last two figures are the flow sper surveys that shothke flow distribution
into the well through the various aquifer zones. The Critical Radius is all well inside the

well bore at these flow rates and aquifer sizes.
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Figure 10.11 - Spinner Survey of Example WElII
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Survey Date: Jul 19, 2005
Welenco, Inc. (800) 445-9914
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Appendix 1. Hydraulic Properties of Filter Packs

Al.1l. Laboratory Filter Packs

It is the object of this Apendix to show a demarcationtbk transition between Darcian
Flow and Forchheimer Flow or “linear tmn-linear” flow in an attempt to measure
hydraulic conductivities amany different filter packs availabin the lab. All five of the
filter packs were tested in a Constant HPadmeameter (CHP) to accurately determine
their hydraulic conductivities. These same fiNter packs were also put thorough a set
of sieves to determine the different percguaissing for each filter pack. The results of

which are seen in Table A1.1 and Figure Al1.1.

TABLE Al.1 - Percents Passing D (mm) for the Given Lab Filter Packs
Lab Material D5 D10 | D15 | D16 | D20 | D50 | D60 | D84 | D85 | D95
4X8 / Oglebay-Norton 239 | 244 | 248 | 249 | 253 | 2.85 | 297 | 3.26 | 3.28 | 3.87
6X10 / Oglebay-Norton 1.78 | 1.88 | 1.99 | 2.01 | 2.11 | 262 | 2.76 | 3.11 | 3.13 | 3.29
8X20 / Oglebay-Norton 087 | 093 | 099 | 1.00 | 1.05 | 1.37 | 147 | 1.84 | 187 | 221
8X30 / Oglebay-Norton 0.69 | 0.80 | 0.86 | 0.87 | 0.89 | 1.11 | 1.20 | 1.81 | 1.84 | 2.20
10X40 / Oglebay-Norton 0.59 | 0.69 | 0.80 | 0.82 | 0.86 | 1.04 | 1.10 | 1.45 | 1.47 | 1.84
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Al.2. CHP Filter Pack Results

The final step was to determine the hydraulic conductivity for each filter pack with the
use of the Constant Head Permeamete? GHigure Al1.2 is a photo of the CHP in the
lab. The CHP is a 4-inch diameter clear PBe, which is 4 feet in length. It has 5
pressure ports, 9 inches apart, which are atteddo the Scanivalve for real time data
analysis. There is a flow meter and pressagrlator, which antrol and monitor the

CHP. The CHP has a removable top and bottom to allow for the changing of filter
material easily and efficiently. The AST8andard D 2434-68 “Standard Test Method
for Permeability of Granular Soils (Const&igad)” was followed in the construction and

operation of the CHP.

FIGURE A1l1.2 - Constant Head Permeameter (CHP
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The CHP was run at different flow rateswhich the pressure differentials were
recorded. The pressure difference (changeeadhare plotted along wittow rate as to
determine the hydraulic conduatiof the sample using Darcy’s Equation above. An
example of this can be found on Figure Al.3e Tdb filter packs have been ran through
the CHP and the results are seen in tHdelA1.2. Also plotted are the hydraulic
gradient versus the flow velocity to obtdipdraulic conductivities in Figure Al1.4. These

correlate very well to the results in Figure A1.4 and Table Al1.2.

TABLE A1.2 - Hydraulic Conductivity [gpd/ft 2]
Lab Material Lab Permeameter
4X8 /| Oglebay-Norton 73,354
6X10 / Oglebay-Norton 50,216
8X20 / Oglebay-Norton 18,529
8X30 / Oglebay-Norton 9,126
10X40 / Oglebay-Norton 7,478
Coarse Aquifer (RMC Model Media) 47,603
Santa Ana River 716

Often times looking at the hydraulic gradiest flow velocity is the easiest way to
determine the hydraulic condudtivof a certain materialFigure Al.4 gives a similar
hydraulic conductivity for the filter pack showAll of the filter packs, aquifer material
and some local river bottoms were sieaed ran through the CHP to determine their
hydraulic conductivities. Therefore by usingbl@Al.1 and the sieve analysis of Lab

material, any Reynolds’s number can be calculated for any given velocity. This will be

120



applied latter to the actual Well/Aquifer Mddend the flow regimes within the model
itself. Any filter pack then added to theolllel will have an upper bound of laminar flow
independent of the well scregrpe or slot sizeised. The transition from laminar to
Forchheimer flow and then to turbulent flean be predetermined for a given flow rate

before any testing in the mddtself is even accomplished.
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Al.3. Limits of Testing Procedure

To find the limits of the CHP testing prat@e one must determine when Darcy’s Law is
no longer valid. Following similar proceduas Kececioglu (1994) and Ergun (1952), by
plotting a dimensionless pressure drofnydraulic gradient vs. Darcian Reynolds
Number one will establish different flow regimes. Figures Al.5 clearly establishes a
demarcation as to where Darcy’s Law vagplicable and thus correct Hydraulic
Conductivity would be calculated and whé&aminar conditions no longer existed and
could not be included into the Darcy cdétions for hydraulic conductivity. Figure A1.5
has three distinctive changessiope from Darcy Flow (Laminar Flow), to Forchheimer

Flow (Partially Turbulent)and to Fully Turbulent Flow.

Al.4. Results

The results of the testing ngi the CHP revealed two important factors in porous media.
The first is that the materials hydraulic contikity can only be calulated using Darcy’s
Law if and only if flow remains in a laminatate. Presented aboaee ways to calculate
those demarcations of flow regime. Tleeend main revelation was that the material
tested in the lab had similar flow deroations to Beaf1972), Fand (1987), and

Kececioglu (1994). It was found that thdigdy for Darcy’s Law had a Reynolds’s

Number between 0.5 and 5 to 8, and Forchheimer Flow was found between 8 and 28 to

36 depending on the material tested. The ability to test different aquifers and filter packs
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will aid in determining the aquifer loss terms and the filter pack terms described in

Chapter 3.
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Appendix 2. Grain Size Distribution

Many studies have tried to characterize laytic conductivity by grai size distribution
models. It has been found in these stuthes one method over estimates a certain
material while another method underestimatas $ame material. The reasons for this are
discussed below. This Appendix uses these predictive models in a comparison to the
results in Appendix 1 to show that thedraulic conductivities found using a CHP are
accurately correlated with several prediciiyain size distribution models and thus valid.
The engineer that uses one method overremahust realize as to which method he or
she is using and why. And tote that the method might over or under estimates their

samples hydraulic conductivity.

A2.1. Introduction

Determining the hydraulic conductivity (K) afporous media in a Permeameter is often
not available to engineers. Often enginemy have sieve analigsfor a given porous
media of which they have to make a det@ation of hydrauliconductivity. There is no
one easy method that is perfect for detemgjmydraulic conductity for all types of

porous media.
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A2.2. Background

A large amount of effort has been madel@termining hydraulic conductivity for any

given porous media from justeve analysis. Many semi-eiripal methods have been
determined by various authors in the pastAppendix 1, hydraulic conductivity was

found for the different filter packs availabtethe lab by the usef a Constant Head
Permeameter (CHP). One of the first tonfialate a relation between a characteristic

length and hydraulic conductivity was HaZ@892). Hazen determined that hydraulic
conductivity could be expressed as a constant multiplied by the diameter of the media at

ten percent passing squared.

K Cd (A2-1)

K = Hydraulic Conductivity (cm/sr ft/s, Meinzer Units gpdA,
dio = Particle diameter or characteristic length giveen material at ten peent passing (m or ft),

C = Dimensionless constant

Bear (1972) found that C has a range ferfor clayey sands to 140 for pure sand.
Bedinger (1961) empirically found C to be 20@@hers in more recent times use the
method of thin sections to take microscoglices of a given sample and use computer
generated simulations to develop a netwafrgore throats and bash to determine the
hydraulic conductivity of a given media. Whaer the method might be, engineers have

many alternatives to determine the hydiaoconductivity for any given media.
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A2.3. Kozeny-Carman Equation

One of the most widely used equatidosdetermining hydraulic conductivity from
characteristic lengths is the Kozeny-CamEquation. Kozeny proposed in 1927 and was
later modified by Carman in 1956 a methHoddetermining hydraulic conductivity from

the following;

§yg - £ O&2 - (A2-2)
© P i /7 1380:

{4 Fluid density (kg/mor ft/s),

dn= Particle diameter or characteristiadgh of a given material (m or ft),
| = Porosity

P Dynamic viscosity (Pa-s or Ibs-gjft

g = Gravitational constant (m/sr ft/s)

A2.4. Krumbein-Monk Equation

Krumbein and Monk (1942) described hydragnductivity in the form of darcies for
unconsolidated sands with a lognormal graredistribution. Using this they used a

semi empirical equation assing forty percent porosity;

K 760d2 exp 131V (A2-3)

dw = Geometric mean particle diameter by weight (mm or in),

\{  Standard Deviation of th& distribution function (mm or in)

The introduction of\ converts the lognormal distributidanction for particle diameters

into a normal ditribution function.
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A2.5. Masch Denny

Masch and Denny in 1966 used a median gsai@ distribution as the characteristic
length in determining a porous media’s hydi@oonductivity. Theydid this with the
intent to correlate permeaityl with grain size for a give media. Masch and Denny used
a method of graphical statistics to statially determine the parameters necessary to
obtain a hydraulic conductivifyom a mean diameter of a porous media versus its

dispersion. They described the dispen for a porous media as follows;

8hy hs - 8ls k- (A2-4)
© 4 i 66 1

1

/ = Grain size diameteexpressed as the negative logarithm olihse two of the particle diameter.

\{ Geometric Standard Deviation

From those two parameters they developeglgs as to interpolate between different
dispersion curves and grain diameterdetermine hydraulic conductivities for a given

porous media.

A2.6. Shepherd Equation

Shepherd in 1989 performed a similar hoet to Masch-Dennytilizing statistical

regression on 19 sets of published data on hydraulic conductivity versus grain sizes using
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a simple power equation.

K ad’ (A2-5)

a,b = Empirical parameters.

d Particle grain diameter (mm, in)

According to Shepherds findings, values for the coefficiahtrange from 1,014 gpd#ft
for river alluvium to 208,808 gpdfffor glass spheres. The values of the coefficibht
were found to be 1.11 to 2.05 with areeage of 1.72. Shepherd like Masch-Denny
interpolates data from aqilof grain size versus diffent curves of different
classifications of materials in an efféo determine hydraulic conductivity. The
interesting difference between Shepherd lslagch-Denny is that Shepherd allows for
more classification of materials from apasitional environment and thus takes into

consideration the grain sizes ahé degree of textural maturity.

A2.7. Alyamani and Sen Equation

Alyamani and Sen developed a different method for determining hydraulic conductivity
in 1993 based on empirical data from 32 sksfrom Saudi Arabia and Australia. They

incorporated the initial slopaf the grain size distributiocurve in determining hydraulic

conductivity.
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K 13001, 0025d,, d,, @ (A2-6)

lo = X-intercept of the line formed fromgand d,

d Particle grain diameter (mm, in)

In general § is very close to @ thus it could be said thalyamani and Sen Equation is
very similar to Hazen Equation in tHagdraulic conductivity is proportional tagl
Alyamani and Sen have just furthered Hezen Equation by including the dispersion of

grain size into their approximation.

A2.8. Lab Material

All of the filter packs in the lab were sieved and are seé&igure Al.1. From the sieve
analysis on the lab material all of the propercents passing wecalculated and put into
the various methods described above atetermine their hydrdie conductivities. The
results of the testing are found in Table A2.1 below. In Table A2.1, the hydraulic
conductivities found experimentally in Apperdi using a CHP are shown in comparison
to the different empirical methods memted above. Many of theethods either over
estimate or under estimate the hydraulic cohdig. There can be several orders of
magnitude difference between one methoduseesother. For example, Masch-Denny
and Bedinger are very similar for all thediltpacks used. These two methods seem to
underestimate the hydraulioreductivity found from the CHP testing. While Krumbein &

Monk as well as Hazen and Shepherd ptetie hydraulic conductivity values rather
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well compared to the CHP experimental values. Kozeny-Carman and Alymani & Sen

both seem to overestimate the hydraulic condiigtvalues compare to the experimental

values.
TABLE A2.1 - Hydraulic Conductivity [gpd/ft 2]
Lab Bedinger Kozeny-
Permea Masch- Hazen Approxim Krumbein Carman Alyaman
Lab meter Denny  Approximation ation & Monk Shepherd  (1927,19 i & Sen
Material (2002) (1966) (1892) (1961) (1943) (1989) 56) (1993)
4X8/
Oglebay-
Norton 73,354 17,000 125,807 16,279 86,371 75,155 170,058 176,178
6X10/
Oglebay-
Norton 50,216 9,800 75,031 13,748 61,032 53,501 143,613 97,521
8X20/
Oglebay-
Norton 18,529 3,500 18,269 3,735 14,655 15,448 34,986 23,209
8X30/
Oglebay-
Norton 9,126 2,300 13,606 2,468 10,165 9,596 23,121 17,721
10X40/
Oglebay-
Norton 7,478 2,100 10,057 2,151 8,805 8,252 20,153 12,658
A2.9. Other Materials

The filter packs tested above were very simitahat there was very little distribution of
various diameters. The filter packs are said to very well sorted and thus have small
correlation coefficients varying from 1.2 to 1l6was then decided to test more of a
natural material and an example completaede up. These two new materials have one

thing in common; they are poorly sortaalehave a correlation coefficient of 2.63 and
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8.83. The first natural occurring material viaken from the Santa Ana River bottom.
The second was a constructed example wams Batu (1998). The sieve analysis along
with the aquifer material in the RMC modelthre lab can be seemFigure A2.1 below.
The coarse aquifer material has a well sodisttibution with a correlation coefficient of
2.27. It can be seen that once again MasamR@nd Bedinger are very similar for three
tests below in underestimating the hydraglonductivity. While Krumbein & Monk as
well as Hazen and Shepherd predicthigdraulic conductivity values rather well
compared to the CHP experimental valué€szeny-Carman and Alymani & Sen still
seem to overestimate the hydraulic conductivaiues compared to the experimental
values. In general it can be taken frtms that the hydraulic conductivity values
established in Appendix 1 by the use of @¢P are well within reason to results found
from grain size distribution models. Resuwtghe Santa Ana River sand and Batu’s

example are seen in Table A2.2 below.
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TABLE A2.2 - Hydraulic Conductivity [gpd/ft 2]

Lab Hazen Kozeny-

Permea Masch- Approxi Bedinger Krumbei Carman Alyaman
Lab meter Denny mation Approxima n & Monk  Shepher  (1927,19 i & Sen
Material (2002) (1966) (1892) tion (1961) (1943) d (1989) 56) (1993)
Santa Ana
River 716 300 721 487 612 520 1,213 735
Coarse
Aquifer 47,603 6,900 58,291 23,400 59,490 22,823 58,226 64,906
Batu
Example N/A 175 315 1,160 581 532 2,887 287

A2.10. Conclusion

It has been found that there are varieagirical methods to estimate hydraulic
conductivity from grain size distributions.i#t often the case that one method over
estimates a certain material while anothethoé underestimates that same material. This
can be described from Koltermann and Goke(i995) by the fact that geometric means
in hydraulic conductivitymodels seem to over pretdresults while harmonic means

seem to under predict hydieuconductivities. The harmonic mean puts greater weight
on smaller grain sizes whereas the geometean puts more weight on larger grain
sizes. Another aspect that seems to affeetmethod over another is the shape of the
grains. Grain irregularity often can cause engpirical model to over or underestimate a

certain hydraulic conductivity.
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A2.11. Further Note

One further note which is beyond the discossiof this Appendix, was a paper by Boadu
(2000) titledHydraulic Conductivity of soils Fror@rain Size Distribution: New Models
Boadu adds other parameters to form an aogdimodel which seems to have quite some
promise.

InK 3309 001P 018/ 0335 736D 1109 (A2-7)

The equation above describes five additional structural descriptors which Boadu has
found important in hydraulic conductivity modeEhese five structat descriptors are
fractal dimension D, entropy S, fractal porositypercent fines P, and bulk densitBy
measuring some of the shape and textu@bgnties of the soihne can obtain better
values of hydraulic conductivities from grain size distribntiporosity, and bulk

densities.
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Appendix 3. Initial Development and Testing Of Stainless Steel Wire Wrap Screens

This Appendix describes and details soméheftesting preformed on the Roscoe Moss
Stainless Steel Wire Wrap Screens (SSWW8e screens have a slot size of 0.010,
0.020, 0.040, 0.060, 0.080, 0.093, 0.125 inches. The most interesting thing found in this
testing was the high degree as to which the lemslot sizes where clogged from fines of

a coarse aquifer. This clogging will play a vamteresting role in the efficiency of the

screen in testing to come.

A3.1. Introduction

There were seven different sizes of well scegerbe tested. All seven where constructed
by the Roscoe Moss Company of Los Angeles, California. Each Screen was fitted to the

model and then development and observation took place.

A3.2. Background

The Stainless Steel Wire Wrap ScreerSWAVS) had a screen slot size of 0.010, 0.020,
0.040, 0.060, 0.080, 0.093, 0.125 inches. These amthmercial wire wraps screens
which are produced today. The screen is placed in one corner of the model and is 5 feet
tall by 10 inches in diameter. The screeméatl to be outfitted with a polycarbonate

tube on the aquifer side of the screen ghelh a Borescope coutdke pictures of the
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screen from the aquifers reference poalittere were several raw hiding and development

techniques that took place thg the initial developmentages of each model run.

The initial model development was performmdwWilliams (1981). The model then tested
other various well screens which are less comtoday. Those well screens and some of

the initial testing equipmeiatre still in the lab today.

A3.3. Model Development and Runs

When a screen is first placed into the moded;rtiodel is pumped at a constant rate for 2-
3 days in order to remove all of the ainich is in the model. Raw hiding is then
preformed on the well screbeing tested to remove afigies, air bubbles, or other

debris in the near well zone. This procassally takes one day antil the water begins

to clear up in the model. From here the model is turned off in order to calibrate the
equipment. The Scanivalve is allowecctdibrate the model to atmosphere and all
pressures are set at zero within the modeseries of tests whethé be constant rate

test or step drawdown test can be ran on eacden. From the data generated by these
tests on each well screen; drawdown, entrance velocities, Reynolds number,

Transmissivity, aquifer loss, near well loss, and efficiencies can all be calculated.
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A3.4. Observations

It was found that during some of the firsivrhiding experiments, there was a tremendous
amount of air bubbles thatere trapped on the SSWWS which would decrease the
permeability in the near well zone and the open area to flow of each screen. To alleviate
this problem the model was pumped at a constant rate for two more days or until the air
bubbles were no longer visible with the Barepe. Raw hiding of each well screen is
performed by closing the buttgrivalve on the effluent side of the model which increases
the pressure head in theodel to approximately 70 feet. The valve is then suddenly
released open to yield a dramatic changesgdhand velocity in the near well zone. Some
very interesting results were discoveredtfie SSWWS. All of the raw hiding was video
logged with the Borescope in order to doemtnfines in the aquifer passing through the
each individual slot of the well screen. Thetenal which was finer than the slot size of

the screen was able to pasotigh the well screen while thadgr material remained in
place during the raw hiding. Sometimes it wbtdke several attempts to dance the

smaller grains around in order to arrange tlseich that they would pass through the slot
size of each screen. The aquifer was samgifieedl each screen and a sieve analysis was
preformed to see how the aquifer had changediow many of the fines were removed
from each screen. Figure A3.1 details the Itesfuthis testing. Tk aquifer only changed

from 0.020 screens to the 0.040 and the 0.068esst The 0.010 material was the same

as the 0.020 and the 0.080, 0.093 and 0.125 alksamilar to the 0.060 screen.
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It was there for determined that one of thiahdesign criteria of Chapter 4 with regards
to the Slot Factor was not correctly defined tfars The Slot Factor was originally stated

as;

D, (15 (4.6)

3 Slotwidth

S = Slot Factor (Design Criteria from Chapter 1)

Slot width = Slot width of screen (in., mm)

Originally it was thought that if the slot the well screen was too large that a large

amount of the filter pack would pass throubh well screen. Many well designers stated
that the slot width should not allow moreth10% passing of the filter pack through the
well screen, i.e. that the slots size shdaddho large then the 10p&assing size of the

filter pack being used. As seen in the figure below the fines of the aquifer never migrated
through the well screen as oregected. Even the largestesen slot size, 0.125 in., did

not change the filter pack to a veryda degree. The 0.125 SSWWS had a 40% passing
through it but yet an insignificant amountroaterial migrated through the screen. This
example had a Slot Factor, 8f 1.1. The Slot Factor might become more prevalent when

a smaller aquifer is utilized and will beexamined with a smaller aquifer.
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A3.5. Findings

The 0.010, 0.020, and 0.040 SSWWS showed sooggicig of the slots after the testing.
The fines seemed to lodge themselvesdatween each slot. The degree to which the
0.010 and the 0.020 SSWWS were clogged w#es @mazing and a bit unexpected with
such a large aquifer material. A photo of thisegn in Photos A3.1-A3.3 of this Chapter.
This is a significant finding due to the fabhat that the open area of these screens have
now been significantly reduced. It is estited that 85% of the 0.010 and 75% of the
0.020 screens have been clogged by fines.0l840 SSWWS was not as plugged to the
degree as the 0.010 and the 0.020 but it stilldoste of its open aretue to clogging. It
was estimated that 20% of the 0.040 scieas permanently clogged. Photos A3.4-A3.5
are of the 0.040 screen. The 0.060 was not naartfogged as the others as seen in

Photo A3.6. The other three scredrad no clogging of the slots.

Another noticeable finding was that of tharly raw hiding experiments preformed on
0.010 and 0.020 SSWWS was a jetting effect wWaild take place inside the well bore.
Little jets would be blasting into the wélbre at very high veloties where a slot was
unclogged letting the water entbe well. This result was ndoubt attributed to the high
degree of clogging of these two well screelfse Photos A3.7-A3.10 demonstrates this
jetting effect during raw kiing operations of the well sgen. During normal operations
of the well screen smaller jets can be sedPhoto A3.11. These jets have considerable

velocities and are caused by the de@aa®pen area of the well screen.
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Photo A3.1 — 0.010 SSWWS After Testing With 85% Clogged
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Photo A3.5 — 0.040 SSWWS After Testing
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Photo A3.6 — 0.060 SSWWS After Testing
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Photo A3.7 — Jetting During Raw Hiding

Photo A3.8- Jetting During Raw Hiding
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Photo A3.9 — Jetting During Raw Hiding

Photo A3.10 — Jetting During Raw Hiding
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Photo A3.11 — Jetting During Normal Operation
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Appendix 4. Initial Development and Testing Gftainless Steel Louver Screens

This Appendix describes and details soméeftesting preformed on the Roscoe Moss
Stainless Steel Louver Screens (SSLSg 3treens have a slot size of 0.040, 0.060,
0.080, 0.093, 0.125 inches. The most interesting thing found in this testing was the high
degree as to which the mild steel screes wlagged from rust and bio-fouling in a

coarse aquifer. There also seem to s Eand migration through the well screen. The
larger particles seem to form a bit dilter pack around each louxeAll of this was

recorded using the Borescope.

Ad.1l. Introduction

There were five different sizes of well screea be tested. All fie where constructed by
the Roscoe Moss Company of Los Angeles, California. Each Screen was fitted to the

model and then development and observation took place.

A4.2. Background

The Stainless Steel Louver Screens (Sghad a screen slot size of 0.040, 0.060, 0.080,
0.093, 0.125 inches. These are the commercial louver screens which are produced today.
The screen is placed in one corner of the rhadd is 5 feet tall by 10 inches in diameter.

The screens all had to be otifd with a polycarbonate tuloe the aquifer side of the
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screen such that a Borescopeild take pictures of the screBom the aquifers reference
point. There were several raw hiding angdelepment techniques that took place during

the initial development stag of each model run.

Appendix 4.1.Model Development and Runs

When a screen is first placed into the moded;rtiodel is pumped at a constant rate for 2-
3 days in order to remove all of the winich is in the model. Raw hiding is then
preformed on the well scredeing tested to remove afigies, air bubbles, or other

debris in the near well zone. This procassally takes one day antil the water begins

to clear up in the model. From here the model is turned off in order to calibrate the
equipment. The Scanivalve is then alloweddbbrate the model to atmosphere and all
pressures are set at zero within the modeseries of tests whethé be constant rate

test or step drawdown tests can be ran on sa@en. From the data generated by these
tests on each well screen; drawdown, entrance velocities, Reynolds number,

Transmissivity, aquifer loss, near well loss, and efficiencies can all be calculated.

A4.3. Observations

It was found that during some of the firstwrhiding experiments, there was a decrease in
the amount of air bubbles that were trapppa the SSLS compared to that of the
SSWWS. To alleviate this air bubble problera thodel was pumped at a constant rate
for two more days or until the air bubblesre no longer visible with the Borescope.
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Raw hiding of each well screen is perfornigdclosing the butterfly valve on the effluent
side of the model which increases the pressead in the motleo approximately 70

feet. The valve is then suddenly releasechdpeyield a dramatic change in head and
velocity in the near well zone. Some vamteresting results wemiscovered for the
SSLS. All of the raw hiding was video loggetth the Borescope in order to document
fines in the aquifer passing through the eaclvidual slot of the well screen. The
material which was finer thahe slot size of the scre@as able to pass through the well
screen while the larger material remaimeglace during the raw hiding. Sometimes it
would take several attemptsdance the smaller grains araun order to arrange them

such that they would pass through the slot size of each screen.

A4d.4. Findings

The initial model testing wasith a mild steel Ful-Flow louver well screen. It was
noticed that when the model was left ifte more than a few weeks a tremendous
amount of cementing of the aquifer matehat taken place on the well screen. Photos
A4.1- A4.2 shows the degree of encrustatioth sealing of this well screen. Photo A4.3
is a close up of the louvers from the filfacks reference point; while Photo A4.4 is a
taken from the well bore side of the modetese encrustation photos show a great
degree of sealing of the well screen that tedke place in a relatively short time using
mild steel well screens. Photos A4.5- Adlews the Filter Pack Divider (FPD) in place
with a sand injection tube in the model. Finally Photo A4.7 shows the model with the
FPD in place ready to be loaded with a filter pack.
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Over all the SSLS performed the way theyevdesigned to. Thekgas nothing that was
out of the ordinary observed during testing. €nherustation of a mild steel well screen
was quite unexpected as to the degree witietwell screen could be sealed in such a

short period of idle time. None of this gvaoticeable with the stainless well screen.

Photo A4.1 — Encrusted Screen
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Photo A4.2 — Encrusted Screen

Photo A4.3 — Encrusted Screen Aquifer Side
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Photo A4.4 — Encrusted Screen Well Side

Photo A4.5 — Filter Pack Divider
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Photo A4.6 — Filter Pack Divider Close Up
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Photo A4.7 — Screen Removed
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Appendix 5. Field Findings

Filer Terzaghi's Terzaghi's Uniformity Percent Percent
Pack/Aquifer |Migration Permeability |Coefficient, |Sorting Slot Factor  |Aquifer Pack |Critical |Filter Pack]Slot
Ratio Factor Factor Cu Factor, Sf (d50/Slot Passing Well|Radius |Passing |Size
lAquifer Type Well Name Depth  |(DSOF/d50A) |(D15F/d85A) |(D15F/d15A) [(d60A/d10A) |(CuF/CuA)  [width) Slot (in) Well Slot |(in)
570-580 14.00 1.43] 59.88 17.12 0.14 0.12 91 17.11| 0.060
620-630 30.45 4.34 88.66 9.34 0.26 0.05 97
760-770 15.08 1.87| 46.99 12.23 0.20 0.11 93
BCVWD Well #26 (Fine)l 800-810 19.52 2.08 67.32 12.77 0.19 0.09 94
910-920 13.54 1.99) 18.32 5.71 0.43 0.12 93
1050-1060 20.45 2.81] 64.12 10.85 0.22 0.08 95
1230-1240 22.34 2.91] 62.21 8.95 0.27 0.07 96
880 5.20 1.84 15.27 9.74 0.16 0.26 98 2.8 16.28| 0.040
CVWD 4506 Redil 980 6.34 2.39) 10.42 3.19 0.50 0.21 99 2.3
(Fine) 10x20 Kelpac 1070 7.73 2.34 15.27 6.87 0.23 0.17 96 1.9
1180 4.79 2.06) 6.49 2.79 0.57 0.28 98 3.0
1280 7.78 3.80) 10.80 2.43 0.65 0.17 99 1.8
880 10.51 3.27| 27.15 9.74 0.21 0.15 99 15.50 0.070
940 12.83 4.25 18.53 3.19 0.64 0.12 99
CVWD 4510 (Fine) 960 15.63 4.17 27.15 6.87 0.30 0.10 98
4x12 Custom Blend 1050 9.68 3.66) 11.55 2.79 0.73 0.16 99
1120 15.74 6.76) 19.21 2.43 0.84 0.10 100
1270 11.82 4.37 12.86 3.06 0.67 0.13 99
970 9.33 1.73] 14.26 7.45 0.36 0.20 94 17.43| 0.050
1050 10.96 1.90 13.96 5.15 052 0.17 94|
CVWD 4612-01 (Fine) 1140 12.57 2.66) 14.55 4.82 0.55 0.15 96
1200 12.22 3.81] 12.24 2.69 0.99 0.15 99
1220 10.28 2.26) 9.24 2.65 1.00 0.18 100
% 1340 3.58 0.74 7.80 7.23 0.37 0.43 76
£ 1010 9.72 3.27| 27.15 9.74 0.18 0.17 99 5.1 9.77] 0.060
g CVWD 5721 (Fine) 1040 11.86 4.25 18.53 3.19 0.56 0.14 99 4.2
u 8x12 1170 14.45 4.17 27.15 6.87 0.26 0.12 97 3.4
[ 1210 8.95 3.66 11.55 2.79 0.64 0.19 99 5.6
500 9.98 3.67 30.49 9.74 0.15 0.15 99 3.0 6.00] 0.070]
620 12.18 4.77 20.81 3.19 0.47 0.12 99 25
750 14.84 4.68 30.49 6.87 0.22 0.10 98 2.0
CVWD 5676-01 (Fine) 820 9.19 411 12.97 2.79 0.53 0.16 99 3.3
6x12 1000 14.95 7.59 21.57 2.43 0.61 0.10 100 2.0
1140 11.22 4.91 14.44 3.06 0.49 0.13 99 2.7
1260 472 1.53] 7.03 2.66 0.56 0.31 100 6.4
and Produce 13.08 5.33] 18.60 2.49 0.60 0.11 100 2.3
940-950 7.42 2.26) 18.73 9.74 0.23 0.21 99 3.1 17.43| 0.050
1050-1060 9.05 2.93] 12.78 3.19 0.69 0.17 99 25
1110-1120 11.04 2.88| 18.73 6.87 0.32 0.14 97 2.1
CVWD 5676-02 (Fine) | 1210-1220 6.83 2.53] 7.97 2.79 0.79 0.22 99 33
4x16 1280-1290 11.11 4.66 13.25 2.43 0.91 0.14 100 2.1
1040-1050 8.34 3.01 8.87 3.06 0.72 0.18 98 2.7
1160-1170 1.74] 0.33 3.08 4.96 0.44 0.88 100[ 131
1230-1240 5.63 1.95| 6.20 2.44 0.90 0.27 100 4.1
250-260 16.16 2.81] 16.70 5.36 0.48 0.10 97 15.48| 0.060
290-300 12.40 2.62] 16.56 6.54 0.40 0.13 98
BBCSD Greenway Park| 350-360 10.02 1.74 16.23 7.97 0.33 0.15 94
Well (Fine) 470-480 5.96 0.83 9.15 5.64 0.46 0.26 85
490-500 11.80 2.75) 14.06 3.12 0.83 0.13 98
500-510 4.91 0.73 7.73 6.20 0.42 0.32 81
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Filer Terzaghi's Terzaghi's Uniformity Percent Percent
Pack/Aquifer |Migration Permeability |Coefficient, |Sorting Slot Factor  |Aquifer Pack | Critical |Filter Pack|Slot
Ratio Factor Factor Cu Factor, Sf (d50/Slot Passing Well|Radius |Passing |Size
IAquifer Type Well Name Depth (D50F/d50A) |(D15F/d85A) |(D15F/d15A) |(d60A/d10A) |(CuF/CuA) [Width) Slot (in) Well Slot |(in)
160 7.03 1.25 15.24 14.69 0.16 0.30 87 10.51| 0.060f
250 8.60 1.23 21.12] 15.18 0.16 0.24] 86
CBD MW II-7(Medium) 300 6.40 1.03 13.66 15.64 0.15 0.33 81
370 6.30 1.07| 13.63 15.70 0.15 0.33 82
420 6.24] 1.05 13.33 15.69 0.15 0.33 81
210-220 8.14] 1.37 11.57 7.51 0.32 0.26 88 10.51| 0.060]
300-310 7.51 1.41 11.39 7.40 0.33 0.28 89
CB‘(I’\Dngﬁd\i/l\jr:;lg 320-330 8.45 1.73] 11.85 8.00 0.30 0.25 93
380-390 8.61 1.80 11.83 7.73 0.31 0.24] 95
400-410 9.56 1.64] 15.77 9.43 0.26 0.22 92
950 8.54| 1.93 14.89 5.94| 0.43 0.21 98| 17.86| 0.060
CVWD 4613-01 1050 10.34 2.77 12.43 3.52 0.73 0.18 98
(Medium) 1150 8.27 2.21 9.43 3.52 0.73 0.22 99
1230 5.32 0.80] 9.25 6.30 0.41 0.34] 80
890 10.81 3.35] 11.22 2.65 0.94 0.14 100 17.86| 0.060]
1000 8.02 2.61 7.75] 2.24] 111 0.19 100
Cvxz;l?r];g-ﬂl 1080 4.71 1.61] 4.80 2.64 0.94] 0.33 98
1220 1.59 0.00] 3.00] 6.82 0.37 0.96 50
1250 9.09 2.62 10.61 3.12 0.80 0.17 99
830 571 1.57 10.62 5.81 0.39 0.31 91 7.8 12.45| 0.060
910 5.92 2.24 10.64 5.42 0.42 0.30] 96 7.5
CVWD 4628 Redrill 1010 6.98 2.50 10.34 3.95 0.57 0.25 100 6.4
" (Medium) 1/4 x16 1080 10.09 3.22) 17.89 5.36 0.42 0.18 99| 44
E 1280 9.85 3.47| 15.88 4.00 0.71 0.18 100 4.5
% 1210 9.37 2.94 16.74 4.49 0.64| 0.19 76 4.7
9 570 3.65 1.49] 3.94 2.59 0.61 0.37 98 4.1 16.28| 0.040f
5 780 4.72 1.68 7.69] 3.40 0.46 0.28 98| 3.2
B CVWD 5677 (Medium) 860 3.25 1.28 10.05 8.26 0.19 0.41 92 4.6
= 10x20 KelPac 1000 6.66) 1.59 12.52 5.99 0.26 0.20) o3 23
1150 4.99 1.79 8.98] 3.61 0.44] 0.27 97 3.0
1290 5.84 2.46| 7.23 3.06 0.52 0.23 97 2.6
580-590 5.52 0.79] 33.08 26.34 0.08 0.29 81 17.54| 0.060]
730-740 6.25 1.27| 21.82 15.75 0.14 0.26 90
800-810 35.41 2.31 94.26 13.38 0.16 0.05 97| 0.7
930-940 2.88 0.57 13.43 22.10 0.10 0.56 71 3.3
980-990 10.96 2.18 17.39 6.02 0.47 0.15 96 1.8
?h\;\e/\c/ﬁl;;];l?(;(} 1020-1030 2.69 0.46 11.32 16.81 0.17 0.59 66 11.6
1100-1110 6.06 1.39 9.67| 5.31 0.57 0.26 92 2.7
1120-1130 4.01 0.94 7.38 5.91 0.51 0.40 84 1.6
1160-1170 7.81 2.17 9.87| 3.77 0.80] 0.20 99
1180-1190 5.78 1.72] 8.26 3.68 0.82 0.28 95
1240-1250 7.83 1.95 17.11 9.28 0.32 0.20] 98|
890-900 9.24 1.02] 16.18 7.30 0.31 0.17 86 2.3 17.86| 0.060]
980-990 12.01 2.56 15.85 3.24] 0.69 0.13 96 1.7
1020-1030 5.75 1.75] 7.90 3.48 0.64 0.28 96 3.6
1060-1070 11.98 1.64 37.33] 12.43 0.18 0.13 91 1.7
CVWD 5725-01
(Medium) 4x12 1150-1160 22.09 2.14] 73.73 11.22 0.20 0.07 94 0.9
1280-1290 8.73] 2.05 11.81 3.99 0.56 0.18 97 2.4
1300-1310 18.87 2.07| 66.50 12.56 0.18 0.09 95 1.1
1320-1330 12.67 2.23 39.54 11.82 0.19 0.13 96 1.6
1360-1370 3.80 0.56 7.30 5.81 0.38 0.42 75 5.5
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MEDIUM AQUIFERS

100-110 10.76 1.20 13.14 3.18] 0.75 0.16 87 17.03| 0.094]
130-140 9.62 2.58 11.77 3.11] 0.77 0.18 98
160-170 9.40 2.84 13.42 3.73 0.64 0.18 96
CBD I-13 (Medium) 200-210 8.09 2.76 10.13 3.12] 0.76 0.21 99
230-240 7.22 1.72 10.43 3.94 0.60 0.24 94
290-300 8.10 0.96 11.67 4.54 0.52 0.21 85
320-330 12.95 3.75 15.31 3.42 0.70 0.13 100
340-350 8.96 1.96] 11.54 3.42] 0.70 0.19 97,
100-110 1.88 0.53 7.35 7.38 0.19 0.51 77 7.03] 0.094]
220-230 5.05 1.34] 9.08 3.13] 0.45 0.19 91
240-250 6.38 1.64 11.75 3.91 0.36 0.15 91|
CBD I-14 (Medium) 300-310 417 0.49 8.99 4.71) 0.30 0.23 80
360-370 4.99 1.00 9.82 3.54 0.40 0.19 88|
400-410 5.15 0.51 9.91 3.45 0.41 0.19 82
450-460 4.92 1.61] 9.85 3.64] 0.39 0.19 94
160-170 4.17 0.99 8.08 5.54 0.42 0.39 86 13.61[ 0.094
190-200 7.68 2.28 9.93 3.13] 0.74 0.21 98
CBD I-15 (Medium) 210-220 5.04 1.07 7.81 4.42 0.52 0.32 88|
250-260 5.18 0.75 9.53 5.56 0.41 0.31 81
300-310 5.09 0.53 8.78 5.09 0.45 0.32 79|
120-130 6.50 0.50 4.10 3.26 2.36 0.26 86 33.06 0.063
160-170 11.31 1.50] 9.15 6.99] 1.10] 0.15 97,
BBCSD Palomino Well |  210-220 6.71 0.35 6.65 8.77| 0.88 0.26 80
(Medium) 230-240 7.15 0.43 4.61 3.76 2.05 0.24 84
320-330 5.33 0.31 3.58 3.97| 1.94] 0.32 77
340-350 5.82 0.50 3.65 3.24] 2.37 0.30 86
260-270 10.05 2.17| 17.27 6.61] 0.45 0.17 98 0.8 19.27] 0.070|
280-290 16.44] 3.18 28.47 8.92 0.33 0.10 100 0.5
310-320 18.38] 1.90 18.90 5.12 0.57 0.09 95] 0.4
LACWD 40 WELL 4-62 340-350 13.26 1.57| 30.15 13.39 0.22 0.13 97, 7.4
(Medium) 350-360 6.18 1.20 12.06 7.54 0.39 0.27 94 3.0
480-490 7.92 1.43] 12.02 5.62] 0.52 0.21 96 0.2
490-500 9.39 2.01 15.05 4.88 0.60 0.18 99 0.5
540-550 9.29 1.43] 17.61 8.91] 0.33 0.18 94 0.9
550-560 19.24 2.91] 20.26 6.28| 0.47 0.09 99 0.4
70-80 11.39] 2.26 23.32 7.16 0.31 0.13 98| 20.19 0.094
LACWD 40 WELL 4-65 80-90 8.75 2.04] 14.13 4.75 0.47 0.17 99
(Medium) 90-100 9.41 2.46 13.35 3.84 0.58 0.16 100
100-110 13.40] 2.39 19.47 3.95 0.57 0.11 100
400-410 10.37] 2.33 18.99 7.27 0.37 0.19 97| 2.3 17.86] 0.060|
440-450 8.62 1.94] 18.93 7.47| 0.36 0.22 96 2.8
480-490 9.94 1.71] 21.97 11.33 0.24 0.19 94 2.4
LACWD 40 WELL 4-66 490-500 8.70 1.59 19.76 9.63 0.28 0.22 93] 2.7
Medium) 520-530 10.05 1.42] 26.63 13.47 0.20 0.19 91 0.7
540-550 7.83 1.16 18.57 9.80] 0.28 0.25 87, 0.4
580-590 11.18 1.53] 27.76 12.60 0.21 0.17 91 2.4
620-630 5.85 1.04] 17.57 12.80 0.21 0.33 84 10.9
650-660 9.34 1.09] 16.12 5.38] 0.50 0.21 85 2.5
180-190 18.01 1.98] 30.07 7.06] 0.31 0.08, 96 1.6 18.50| 0.070f
230-240 3.97 1.04 16.50 10.90] 0.20 0.38 88| 7.4
240-250 8.93 1.28] 24.64 14.43 0.15 0.17, 92 3.3
LACWD 40 WELL 4-68 260-270 2.70 0.75 10.11 12.65 0.17, 0.56 76 10.8
(Medium) 320-330 7.43 0.94 19.86 8.97| 0.24 0.20 85 6.6
360-370 7.17 1.29] 27.91 18.93 0.12 0.21 94] 431
420-430 22.23 5.84 64.85 8.73 0.25 0.07 99 13
460-470 6.45 1.60] 10.48 4.51 0.49 0.23 98 4.5
480-490 4.58 0.80 17.84 13.18 0.17 0.33 80 6.4
160-170 2.37, 0.40 7.14 10.09 0.19 0.86 53 8.59| 0.094]
190-200 19.44 0.43 96.80 18.97 0.10 0.11 76
WSBCWD #25A 250-260 1.10] 0.36 3.70 11.01 0.17, 1.85] 37,
(Medium) 350-360 1.75] 0.36 6.47 16.46 0.12 1.17] 48
420-430 1.27, 0.36 3.85 10.99] 0.18 1.61 38|
480-490 1.85 0.39 5.18 10.91 0.18 1.10] 47
560-570 3.11 0.45 7.13 7.20] 0.27, 0.66 61
540-550 2.72 0.60 5.32 6.36) 0.44 0.58 81 14.93] 0.050
570-580 1.82 0.36 4.09 18.67 0.15 0.87, 94
Baldy Mesa (Medium) 700-710 11.36 2.27| 42.31 12.88 0.22 0.14 90
780-790 12.88 3.28 37.68 10.44 0.27, 0.12 91
850-860 0.57 0.12 2.17 20.92] 0.17 2.76 38|
920-930 1.19 0.30 0.95 1.85 1.96 1.32 47
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Filer Terzaghi's Terzaghi's Uniformity Percent Percent
Pack/Aquifer |Migration Permeability |Coefficient, Sorting Slot Factor |Aquifer Pack |Critical |Filter Pack|Slot
Ratio Factor Factor Cu Factor, Sf (d50/Slot Passing Well|Radius |Passing |Size
IAquifer Type Well Name Depth (D50F/d50A) |(D15F/d85A) |(D15F/d15A) |(d60A/d10A) |(CuF/CuA) [Width) Slot (in) Well Slot |(in)
190 5.93 1.07| 13.56 13.57 0.16 0.30 86 13.54| 0.080]
300 6.75 1.22] 15.03 15.97 0.14 0.26 89
CBD MW lI-1 (Coarse) 340 6.73 1.21 14.84 15.90 0.14 0.26 89
380-400 7.35] 1.26 18.11 16.72 0.13 0.24] 89
490 6.07 1.11] 13.86 15.34 0.15 0.29 87
190 9.01 1.49] 21.73 14.75 0.15 0.20 93 13.54| 0.080]
CBD MW II-2 (Coarse) 310 6.69 1.15] 14.91 16.07 0.14 0.26 87
460 8.61 1.57 19.34 14.14] 0.16 0.20 95
520 8.52 1.51 19.60 14.52 0.15 0.21 94
170 6.39 1.05 13.71 14.26 0.16 0.28 85 13.54| 0.080]
250 7.74 1.32] 13.39 8.96 0.25 0.23 90
CBD MW 1I-3 (Coarse) 270 9.86 1.47| 25.24 14.95 0.15 0.18 92
390 8.01 1.31] 19.23 15.85 0.14 0.22 90
520 8.27 1.35 19.22 15.34 0.15 0.21 91
180 6.01 1.05] 12.30 15.34 0.16 0.35 81 10.51| 0.060]
230 7.08 1.20] 15.95 14.61 0.17 0.29 85
CBD MW [I-4 (Coarse) 370 8.96 1.41 21.74 14.30 0.17 0.23 89
410 8.27 1.40| 18.99 14.17 0.17 0.25 90
450 7.09 1.19 17.17 16.07 0.15 0.29 85
200 6.63 1.16] 13.93 14.91 0.15 0.24 91 18.25| 0.090]
230 6.77 1.15] 15.86 16.65 0.13 0.23 90
CBD MW II-5 (Coarse) 310 8.14 1.30] 18.71 15.32 0.15 0.19 93
380 8.12 1.37| 19.16 15.43 0.14 0.19 94
450 7.23 1.30] 15.89 15.42 0.15 0.22 93
170 10.68 1.93 25.24 12.97 0.17 0.17 98| 13.54| 0.080]
250 10.64 1.84 26.32] 13.55 0.17 0.17 97
CBD MW II-12 (Coarse) 330 13.68 2.53] 34.57 11.89 0.19 0.13 100
620 7.15 1.24] 13.63 11.72 0.19 0.25 89
I 690 17.14 3.55] 48.34 11.37 0.20 0.10 100
% 170-180 7.10 1.19] 12.60 7.14 0.31 0.22 91 18.25| 0.090]
% 210-220 7.36 1.25 12.94 7.93 0.28 0.21 91
g CBD MW I1-16 (Coarse)| ~ 260-270 8.13 1.31] 13.29 8.34 0.27 0.19 92
§ 340-350 7.43 1.21] 12.88 7.73 0.29 0.21 91
8 390-400 8.98 1.43] 13.35 7.57 0.30 0.17 94
© 180-190 6.81 1.10] 11.16 7.39 0.33 0.31 83 10.51| 0.060]
260-270 8.01] 2.30 5.79] 1.69 1.43 0.26 96|
CBD MW II-18 (Coarse)|  280-290 6.67 1.03] 11.20 8.10 0.30 0.31 81
330-340 7.81 1.22] 11.86 9.26 0.26 0.27 86
390-400 7.36 1.26 11.43 7.89 0.31 0.28 86
180-190 8.08 1.37] 11.43 6.78 0.36 0.22 91 14.45| 0.070]
190-200 7.39] 1.22 11.11 6.06 0.40] 0.24] 89
CBD MW 11-22 (Coarse)|  220-230 8.34] 1.22 13.27 10.07 0.24] 0.21 89
230-240 7.45 1.11] 11.49 8.16 0.30 0.24 87
250-260 7.71 1.22] 11.24 6.39 0.38 0.23 89
230-240 3.09 0.84 5.72 4.32 0.44 0.49 81 14.93] 0.094
VVWD WELL 30 360-370 14.61 2.05] 95.05 22.38 0.09 0.10 94
(Coarse) 380-390 3.06 1.14 3.76) 2.51 0.76 0.49 90,
450-460 4.65 1.30] 9.53 5.70 0.34 0.33 91
VVWD WELL 32 370-380 4.21 1.38] 6.54 3.33 0.58 0.36 92 14.93] 0.094
(Coarse) 480-490 5.34 1.25] 7.38 3.14 0.61 0.28 89
540-590 3.03 1.17 3.72] 241 0.79 0.50 90
270-280 3.31 0.50 6.92 8.24 0.35 0.55 69 15.84| 0.080]
320-330 4.88 0.92] 9.25] 6.82 0.42 0.38 83
HUNNIGTON LIBRARY 400-410 4.11 0.45 12.00 19.01 0.15 0.45 70
(Coarse) 480-490 5.95 0.91 12.46 12.64 0.23 0.31 83
630-640 2.99 0.00 7.42 10.87 0.26 0.61 63
700-710 3.98 0.64 6.12 5.14 0.56 0.46 78
770-780 5.17 0.84 12.09 13.95 0.21 0.36 80
190-200 4.87 0.80 9.81 6.60 0.37 0.27 86 20.19] 0.094
260-270 6.63 1.35] 18.47 8.53 0.28 0.20 98
LACWD 40 WELL 4-67| 270-280 3.61 1.18] 4.38 3.06 0.79 0.37 98
(Coarse) 380-390 4.03 0.86) 12.81 12,05 0.20 0.33 88
420-430 4.77 1.10 19.09 14.38 0.17 0.28 93
450-460 2.85 0.84 6.47 7.50 0.32 0.47 88
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200-210 7.10 0.63 14.23 924 0.26 0.30 74 5.72] 0.070)
220-230 8.28 0.83 18.27 8.28 0.29 0.26 79
240-250 10.10 0.82 22.67) 6.90 035 021 79
BBCSD Booster Station 222272 12.54 113 23.02) 5.40 0.45 017 83
Well (Goarse) 280-200 1059 1.11] 19.18 581 0.42 0.20 83
560-570 11.95 2.43 24.86) 7.28 033 0.18 96)
570-580 14.61 2.79 29.36) 935 0.26 0.15 95
600-610 1054 2.35 18.99 6.07 0.40 0.20 97
610-620 10.69 2.19 23.35) 8.21 0.29 0.20 96
334.5-347.5 0.68 0.40 2.35 592 0.23 1.98 32 17.44] 0.060
363-368 4.09 1.60) 6.87 2.75 0.50 0.33 88
382-405 0.78 0.40 353 9.13 0.15 172 36
CDM Well #21-IRWD | 420.5-425 0.82 0.40 4.23 11.03 0.13 1.63 41
(Coarse) 573-583 1.40 0.44 3.16 4.44 0.31 0.96 52
710-720 0.64 0.40 0.96 2.26 0.61 2.10 9
1038-1042 0.64 0.47 1.35 5.48 0.25 2.25 15
1105-1109 2.86 055 717 4.60 0.30 0.50 68)
708-718 3.60 0.54 9.82 591 0.21 0.36 74) 222 0.055
738-748 253 0.48 6.48 5.49 0.23 0.51 69
763-766 3.79 0.4 9.96 6.43 0.19 0.34 71
766-770 2.05 0.4 5.18 5.48 0.23 0.63 63
830-840 1.84 0.38 5.28 8.96 0.14 0.70 55
CDM Well #26 918-928 2.50 0.43 5.14 4.42 0.28 0.51 67
(Coarse) 948-958 192 0.39 4,91 6.94 0.18 0.67 58
978-988 3.45 0.79 8.86 5.10 0.24 037 80)
1010-1020 2.70 0.4 6.58 513 0.24 0.48 69
1040-1080 3.65 0.84 9.80 5.4 0.24 0.35 81
1158-1168 4,59 1.23 12.33 5.30 0.23 0.28 86
1180-1190 181 055 4.68 537 0.23 0.71 61
680-686 2.82 0.67 591 3.98 0.31 0.49 72 2.51] 0.080
696-706 6.08 1.66 18.75 5.66 0.22 0.23 90
716-726 2.63 0.71 6.36 5.07 0.24 0.53 71
747-757 3.73 1.12) 9.15 491 0.25 0.37 83
777-817 351 1.23 7.09 3.59 0.34 0.40 85
COM Well #27 (Coarse) | 247857 2.74 0.80 5.76 437 0.28 051 73
887-927 2.69 0.86 5.44 417 0.29 0.52 76
957-997 247 0.69 532 465 0.26 056 70
1037-1047 2.75 0.87 8.39 6.73 0.18 051 74)
1097-1137 168 0.61 3.95 5.09 0.24 0.83 56
1157-1167 1.94 0.63 5.30 579 0.21 0.72 62
1187-1197 327 0.98 8.29 4.94 0.25 0.42 82
520-530 7.47 1.23 18.71 8.98 0.23 0.25 88| 59]  20.16] 0.094)
660-670 10.56 1.57) 29.81 13.05 0.16 0.18 92| a9
780-790 5.89 1.01 27.41 21.37 0.10 0.32 83| 130
940-950 10.38 1.85 29.27 11.64 0.18 0.18 o] 10
BCVWD Well #24
(Coarse) 1040-1050 15.31 2.09 33.26) 10.69 0.19 0.12 9| o8
1100-1110 18.74 2.71 42.05) 10.71 0.19 0.10 96| 1.1
1170--1180 12.93 1.58 34.29 14.63 0.14 0.15 2] 16
1270-1280 18.40 1.83 32.79) 7.88 0.26 0.10 o 11
1330-1340 20.04 2.45 50.95) 11.76 0.18 0.09 %6 10
290-300 6.09 1.56 9.05 485 0.43 0.25 95| 14| 17.17| 0.094)
340-350 4.00 0.92 6.42 424 0.49 0.38 84]
CVWD 8995-02
(Coarse) 380-390 6.62 1.32 10.99 539 0.39 0.23 o 22
390-400 4.70 1.16 8.46 5.90 0.35 0.33 90
430-440 4.03 0.72 7.86 6.07 034 038 79| 33
460-470 4.73 0.91 15.43) 10.64 0.19 0.32 87 17.17] 0.094
520-530 5.66 0.80 17.74 10.69 0.19 0.27 83
590-600 2.39 0.59 4.34 533 0.38 0.63 68
) ) 650-660 459 0.83 14.34 10.82 0.19 0.33 84)
Pag;g;gz\sfe'ue” 530-840 10.72 1.83 21.22 5.62 0.36 0.14 95
(Coarse) 900-910 11.92 2.09 24.99) 5.45 0.38 0.13 95
940-950 3.80 0.82 13.23 12.57 0.16 0.40 81
970-980 6.13 1.07) 14.19 7.73 0.27 0.25 89
1060-1070 2.99 072 8.19 10.32 0.20 0.51 77
1200-1210 2.80 0.74 322 2.94 0.70 054 80
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580-590 4.27 0.88 8.31 6.21 0.34 0.36 82 6.8 17.17 0.094]
620-630 6.19 1.30 9.15 4.23 0.49 0.25 87 4.7
710-720 5.92 1.16] 10.85 5.47 0.38 0.26 86 4.9
760-770 5.09 0.63 23.28 20.10 0.10 0.30 77 5.7
CVWD 5625-2 Redrill
(Coarse) 1/4x16 840-850 6.44 1.38 14.68| 8.86 0.24 0.24 88 4.5
880-890 4.48 0.81 33.00 31.95 0.07 0.34 80 6.5
960-970 5.43 1.54 8.32 5.06 0.41 0.28 91 5.4
1020-1030 6.89 1.24 66.08 35.15 0.06 0.22 86 4.2
1100-1110 7.60 1.65 63.31 28.87 0.07 0.20 91 3.8
360 1.91 0.23 4.14 6.04 0.25 0.67 61 18.93| 0.040]
410 1.89 0.28 8.46 15.99 0.09 0.67 58
CVWD 6725 (Coarse) 420 1.83 0.20 10.12] 21.85 0.07 0.70 56
560 1.81 0.23 6.21 11.48 0.13 0.70 58|
590 1.32 0.00 9.21 31.16 0.05 0.96 50
650 0.82 0.20 5.38 21.09 0.07 1.56 38
150-160 5.23 1.29 6.61 3.68 0.68 0.29 91 19.26| 0.094]
170-180 3.93 0.70 5.35 3.59 0.70 0.39 82
210-220 1.24] 0.00 4.19 16.05 0.16 1.24 46
CBD II-1 (Coarse) 260-270 6.33 1.94 8.01 3.50 0.72 0.24 98
300-310 4.64] 0.73 8.70 6.24 0.40 0.33 83
360-370 2.14 0.00 6.86 15.96 0.16 0.72 55|
380-390 1.39 0.00 4.42 12.76 0.20 1.11 48
150-160 14.17 2.32 29.89 10.25 0.22 0.10 99 22.85[ 0.094]
170-180 8.54 1.72] 18.10 6.42 0.36 0.17 97
190-200 4.18 0.98 10.77| 8.85 0.26 0.35 89
CBD II-2 (Coarse) 220-230 5.25 1.25 13.34] 9.06 0.25 0.28 93
260-270 8.47 1.98 12.93] 4.31 0.53 0.17 97
270-280 7.66 2.09 11.41] 3.74 0.61 0.19 99
300-310 8.75 1.98 14.26 5.00 0.46 0.17 96
170-180 6.48 2.29 10.25| 3.87 0.52 0.24 99 14.18| 0.094]
190-200 5.05 1.61] 11.85 6.97 0.29 0.31 96
CBD II-3 (Coarse) 220-230 5.94 2.15 8.72 3.60 0.56 0.26 99
260-270 5.80 1.90 9.47 4.08 0.49 0.27 98
300-310 7.33 2.16 11.93] 3.86 0.52 0.21 97
160-170 7.13 1.86 13.06 5.01 0.47 0.22 96 15.77 0.094]
180-190 9.48 2.30 17.28] 5.20 0.45 0.16 98
210-220 10.02 2.54 15.96 4.46 0.53 0.15 99
CBD II-4 (Coarse) 230-240 6.65 1.61 13.12] 5.43 0.43 0.23 94
240-250 6.78 1.66 13.38] 5.37 0.44 0.23 96
280-290 9.62 2.40 20.82 6.17 0.38 0.16 100
300-310 10.21 2.44 20.29 5.49 0.43 0.15 99
330-340 6.20 1.53 12.15] 6.19 0.41 0.25 98
120-130 6.59 1.93 8.70 3.49 0.71 0.23 97 17.17{ 0.094]
140-150 5.93 1.94 7.24 3.28 0.75 0.26 99
CBD I1-6 (Coarse) 170-180 7.05 2.15 9.07 3.32 0.75 0.22 100
200-210 7.00 2.15 9.25 3.43 0.72 0.22 100
230-240 6.75 1.97 8.48 3.38 0.73 0.23 98
280-290 4.85 1.16 9.11 5.73 0.43 0.32 90
140-150 9.36 2.94 12.01 2.94 0.78 0.17 100 17.17 0.094]
160-170 6.95 1.86 11.98] 4.58 0.50 0.23 96
CBD II-7 (Coarse) 180-190 9.18 2.30 14.35 4.39 0.52 0.17 99
210-220 5.61 1.71 8.91 4.31 0.53 0.29 96
220-230 5.93 1.73 9.38 4.15 0.56 0.27 96
130-140 5.81 0.90 6.72 3.54 0.82 0.35 84 17.03 0.094]
150-160 10.21 1.58 12.49] 3.83 0.76 0.20 92
CBD I1-8 (Coarse) 180-190 3.87 0.47 6.90 6.99 0.42 0.52 69
210-220 3.75 0.54 4.42 4.06 0.72 0.54 73
220-230 4.98 0.72 6.75 4.77 0.61 0.41 79
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Filer Terzaghi's Terzaghi's Uniformity Percent Percent
Pack/Aquifer |Migration Permeability |Coefficient, |Sorting Slot Factor  |Aquifer Pack |Critical |Filter Pack|Slot
Ratio Factor Factor Cu Factor, Sf (d50/Slot Passing Well|Radius |Passing |Size
IAquifer Type Well Name Depth (D50F/d50A) |(D15F/d85A) |(D15F/d15A) |(d60A/d10A) |(CuF/CuA) [Width) Slot (in) Well Slot |(in)
180-190 1.52 2.28 3.36) 8.67 0.27 112 47 17.03| 0.094
210-220 2.84] 0.37| 4.64] 4.37 0.54] 0.60 70
CBDC'E')fr/:e()V e 240-250 0.99 0.00 2.74 10.10) 0.23 173 38
260-270 1.13 0.00 2.42 7.28 0.32 1.51 38
280-290 1.07 0.00 6.56 30.88 0.08 1.59 42
220-230 1.79 0.25 5.69) 17.86 0.17 1.24] 45 17.11] 0.094]
340-350 4.57 0.36 9.65 10.20, 0.30 0.49 64
420-430 2.01 0.24] 4.62] 10.20] 0.30 1.11 47
470-480 5.66 0.45] 9.58 7.31 0.42 0.39 70
600-610 1.38 0.24 4.02 12.95 0.24, 1.61 36
Chino Hills Well #20
(Very Coarse) 650-660 2.39 0.31 8.57, 17.68 0.17 0.80 54
710-720 4.57 0.28 8.46 7.47 0.41 0.42 67
780-790 3.28 0.28 6.56 8.78 0.35 0.68 57
890-900 2.11 0.24] 9.68| 21.23 0.14] 1.05 49
960-970 2.71 0.26 6.66 11.53 0.26 0.82 54
1040-1050 2.43 0.31] 4.34] 8.60] 0.35 0.92 52|
290-294 2.52 0.47 3.69 2.70 0.54 0.59 64 5.80] 0.060]
306-314 0.67 0.41 1.95 5.00 0.29 2.22 24
432-442 0.60] 0.40] 0.66] 1.74 0.84] 2.49 5|
g 515-524 1.61 0.45 3.30 4.44, 0.33 0.93 53
w 560-563 2.00 0.46 3.47 3.90 0.38 0.75 57
g CDM Well #22-IRWD 563-573 1.17 0.45 2.06 3.61 0.41 1.28 37
: (Very Coarse) 669-673 2.18 0.50 4.02 5.34 0.27 0.69 62
& 673-680 1.28 0.44] 2.71] 4.40 0.33 1.17 45
6 718-722 5.61 2.18 9.66) 3.98 0.37 0.27 94,
g 735-740 4.70 2.21] 7.07, 2.60 0.56 0.32 96
E 816-831 1.96 0.44 5.00 8.00 0.18 0.77 54
> 916-925 2.39 0.69 4.90 3.53 0.42 0.63 77
640-644 1.29 0.45] 3.48] 7.26 0.20] 0.97 51 17.42| 0.070]
664-674 1.91 0.54 3.16 3.77 0.38 0.66 64
717-727 0.82 0.42 1.79] 3.87 0.37 1.53 33
791-799 2.09 0.51 3.80 4.12 0.35 0.60 66
839-849 2.00] 0.46] 5.22] 7.32 0.20 0.63 60
CDM Well #28-Monte 918-924 1.21 0.44] 2.93] 6.31 0.23 1.05 48
Vista (Very Coarse) 996-999 3.42 1.06 6.95 4.24 0.34 0.37 87
1017-1027 1.43 0.45 3.07, 4.80 0.30 0.88 55
1104-1106 2.35] 0.51] 10.72 12.20 0.12 0.54] 65
1119-1123 1.28 0.44] 3.77| 8.14 0.18 0.98 50
1128-1170 0.83 0.41] 2.18] 5.45 0.27 1.53 38
1212-1216 191 0.45| 5.67| 8.32 0.17 0.66 59
180-190 3.20 0.42 4.37 5.03 0.64 0.56 70 20.19] 0.094
190-200 1.75 0.24] 2.37] 5.18 0.62 1.02 49
210-220 3.05 0.34] 3.54] 4.63 0.69 0.58 67
JCSD Well #23 (Very
Coarse) 220-230 2.53 0.30 2.91 4.82 0.66 0.70 61
290-300 8.11 0.46 8.45 4.09 0.78 0.22 81
300-310 1.41 0.21 2.29 6.76 0.47 1.26 42
390-400 1.23 0.17, 2.19 7.97 0.40 1.45 41
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