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Modern Techniquesin Well Design

Dennis E. Williams

A direct benefit of efficient wellsis reduced pumping costs. Well efficiency is controlled by
severa factors, including aquifer, drilling damage, and turbulent-flow losses at or near the well
screen. Screen entrance velocity is not a critical design factor if values are less than 2-4 fps (0.6-
1.2 m/s). For most wells, the required open areas of a screen need only be 3-5 percent. A rew
method of designing minimum length of well screen based on laminar flow-turbulent flow
considerations is presented, along with a simple field test to calculate the efficiency of an
existing well or to provide a criterion for termination of development of a newly constructed
well.

Efficient well construction depends on a comprehensive understanding of the factors that
influence the hydraulics of groundwater flow to wells. Considerable field and experimental study
has been devoted to the subject. Many investigators have proposed solutions for the flow of
groundwater to wells. These solutions, for the most part, have been confirmed to be sufficiently
accurate to allow engineers to properly design and manage groundwater resources. In some
cases, however, design parameters not fully understood were oversimplified or grossly
approximated-- resulting in inefficient wells.

This project ssimulated field conditions of groundwater flowing from aquifer sands through the
filter zone and into the well screen. This was done with alarge sand tank model capable of
producing radia flow in a one-sixth section of awell and aquifer. Commercially available 10-in.
(250 mm) well screens were used, and a system of reservoirs and pumps allowed flows up to 300
gpm (19 L/s). A constant-head reservoir connected to a chamber along the back of the model
provided a line drive, alowing up to 60 ft (18 m) of available drawdown at the well (Figure 1).

Observation ports Measurement of pressure head and flow
..ILT p— throughout the model was achieved with an

1IZREem array of 47 small piezometer tubes. These
piezometers were connected to a sensitive
i fﬂ;';‘:'.mfm transducer,* and values were obtained with a
t : microcomputer. Particles of sand in the well
sri1Sm : discharge ranging from 20 to 1000 mm in
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Two aquifer materials were used in these
experiments. Six commercially available
Figure 1. Well-aquifer model screens were selected for the tests with open
areas ranging from <1 to 36 percent. Well
efficiencies were calculated for the six screens based on differences in water levelsinside and
outside the screen. Testing procedures involved varying the discharge rates and measuring water
levelsin the aquifer, filter zone, and well.
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Entrance velocities and sand content were measured for each of the tests. A complete description
is given elsewhere.r Much of the information presented in this article is based on results obtained
from five years of testing and analysis using this model. Emphasisis placed on those aspects of
well design that pertain to wasteful losses of energy and the methods used to control or minimize
such losses.

Well Design

Critical Radius. Turbulence occurs in the near zone of the well filter when inertial forces

predominate over viscous forces. The transition between completely laminar and completely

turbulent is evidenced by the gradual scatter of turbulence throughout all pores of the medium.

Thus, the first deviations from Darcy's law sorrespond to the beginning of appreciable eddy

losses in the larger pores. These localized regions of turbulence spread to the smaller pores as

velocity increases (Figure 2).
Well $&rden
/ T e e e Thefollowing equations are based on Darcy's

law and the Darcy - Weisbach formula, and
apply equally to uniform aquifers, filter packs

- (as used in the model), and field conditions.

Predomiance of Darcy's law shows that for laminar flow, the

marerat oo e s hydraulic gradient dh/dr over a column of

fortenafannerintatne sand with a characteristic grain diameter d,
kinematic viscosity v, Reynolds number R,

——— and intrinsic permeability k may be expressed
W as:
| / DE—
Crtical ra'—T"-‘; Groundwater Fiow dn/dr = aZVZR/gkd (1)
Turbauhent 'tg: rrr—————————

Similarly, for turbulent flow the head loss is
proportional to the square of the velocity

g

weil ragius’ | DOOON i (Darcy- Weisbach formula) or in terms of
! \ T partial turbutence Reynolds number:
oCCurs
} Mear-well filter zone dh/dr = a2v2R2/gkd 2)

Figure 2. Near-well turbulence

In which R= Reynolds number = vd/ v; v =
velocity; k = intrinsic permeability; d = characteristic grain diameter (assumed = 50 percent
passing size); v = kinematic viscosity of water (1.233 x 10°° sq. ft/s); a; , a; = constants (& = 1
for laminar flow, & = 1/R ); and g = gravitational constant (32.2 fps® [9.8 m/s%; ]).

The characteristic length in the standard definition of Reynolds number has been replaced by a
characteristic grain diameter, assumed equal to the 50 percent passing grain size. This
substitution was made because the microscopic passageways occupied by water in porous media
are difficult to measure. At the point of transition from laminar to turbulent flow (defined as the
critical point and denoted by the subscript c), the hydraulic gradientsare equal and Eqs 1 and 2
can be equated, yielding:



(dh/dr). = v2/gkd)R: = ax(V2/gkd)RVZ  (3)
and
R = la,

The constant a, is equal to the reciprocal of the critical Reynolds number (R;) and is primarily a
function of grain shape, packing, and distribution. To test this relationship as well as determine

the critical Reynolds number, a series of experiments was performed using the well- aquifer
modd.

The hydraulic gradient dn/dr was plotted for four filter zone materials at varying distances from
the well for different flow rates. The velocity was then calculated at each of the radial distances,
and the Reynolds number computed (Figure 3). The critical Reynolds number interpreted from

these plots is approximately equal to 30. This value was derived from observation of the genera

range where the slope of the curves changed from 1 (pure laminar flow) to 2 (pure turbulent
flow).
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Figure 3. Hydraulic gradient versus Reynold’s number

Based on the foregoing mathematical analysis and experimental results, a critical radius can be
calculated for any given set of flow conditions. The critical radiusis defined as that distance
measured from the center of the well to the point where the flow changes from turbulent to
laminar. Within the critical radius, flow is turbulent (or partially turbulent) with corresponding
head losses varying as some exponential power of the velocity (approaching 2 for fully turbulent
flow). Assuming a critical Reynolds number of 30, the critical radius may be calculated from:



r, = 00377
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inwhichr - critical radius - in. (m), Q/b = specific aquifer discharge - gpm/ ft (L/s'm), Q = well
discharge - gpm (L/s), b = saturated aquifer thickness (assumed equal to screen length) - ft (m), d
= characteristic diameter of material (50 percent passing size) - mm, and B = effective porosity
of material (fraction).

Figure 4 isaplot of the specific aquifer discharge versus the critical radius for typical filter zone
materials.
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Figure 4. Specific aquifer discharge versus critical well radius (D;,—50 percent
passing grain of material)

Components of drawdown in a pumping well. In awell fully screened throughout the aquifer
or aquifers penetrated, the total drawdown is composed of laminar and turbulent head loss
components. Laminar losses generally occur away from the borehole, at which point approach
velocities are low, whereas turbulent losses are confined to the immediate vicinity of the well
screen. Figure 5 shows the components of drawdown in atypical production well.

Total drawdown may be expressed as:

s=ds+ds +ds'+ds" + minor losses (5)

in which s = total drawdown measured in the well, ds = laminar loss in the aquifer, ds = laminar
loss in the damage zone, ds' = turbulent loss in the filter zone, and ds™ = well losses. Aquifer

loss. The head loss (drawdown) measured at the interface between the aquifer and the damage
zone is known as aquifer loss. The magnitude of aguifer loss can be determined from radia flow



to the damage zone from the aquifer. Aquifer drawdown may be expressed quantitatively by the
steady-state Theim equation:

5280
Eb

g logfraf r) (6)

inwhich ds = drawdown in the aquifer - ft (m), Q = well discharge - gpm (L/s), K = aquifer

hydraulic conductivity - gpd/ sq ft (mm/s), b = saturated thickness of the aquifer (assumed to be

equal to length of well screen) - ft (m), ro = radia distance from the center of the well to the
aquifer-damage- zone interface - ft (m).

|~- fav~d Head loss through the damage zone. The
=y > _ damage zone consists of finely ground
T Y Y YT Y ST T NT T L K .
R drilling debris, wall cake, or other materials

whose hydraulic conductivity is
considerably less than that of the aquifer. Its
condition depends on the quality of well
construction and development. Head loss
through the damage zone is generally
laminar and may be expressed in a manner
similar to aquifer loss:
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s _ = Filtar pora
8. | e it 3 Inwhich ds' = head loss through the damage
: gn g iy fey SN g 8 208 A IARE zone - ft (m), B' = damage zone loss
j coefficient - ft/gpm (m/L/s), rg = radial
! - distance to the inner edge of damage zone -

e Oomandvaltar o ft (m), and r, = radial distance to the
aquifer-damage- zone interface - ft (m).
Turbulent lossesin the filter zone.
] Turbulent flow losses will occur if the
WTEERYNE S E R T NN NE FIN TRy critical radius exceeds the nominal well
) radius and may be a significant component
Figl.ll'! 5. Drawdown componentsina of tota drawdown. These losses do not obey
pumping well Darcy's law and vary exponentially with the
flow velocity. Because of the patchy nature
of turbulent flow in porous media, laminar as well as turbulent flow will probably occur. In pure
laminar flow, i.e., Stokes flow, the stream lines are independent of flow speed, and non-linear
termsin the Navier- Stokes equation are insignificant. Conversely, for pure turbulent flow, the
stream lines depend on the speed of the flow, and the non-linear termsin the Navier- Stokes
equations are important. The transition between pure laminar and pure turbulent flow in any
given situation is not a sharp line, and partial turbulence is found in the transition between the
two flow regimes. In this zone of partial turbulence, the exponent of the velocity used in
calculating head losses may vary between 1 (for pure laminar flow) and 2 (for pure turbulent
flow). The existence and degree of these losses depends on filter material, screen length, and
pumping rate. Turbulent (nonlaminar) filter zone losses may be written as:

ds'= B"Q"



Inwhich ds" = turbulent head losses in the near-well filter zone - ft (m), B" = turbulent filter
zone loss coefficient - ft/ gpm (m/[L/g]"), and n = exponent (1<r< 2).

Well losses. Head losses associated with the entrance of water through the well screen and the
axial flow of water toward the pump intake are known as well losses. These |osses are caused by
turbulent flow conditions and vary as the square of the velocity. Well 1osses can be expressed as:

ds" = CQ

in which ds™ = well losses - ft (m) and C = well losses coefficient - ft/gpm2 (m/[L/s]2). The
majority of loss occurs as water jets through the screen openings.

Minor losses. In addition to the major drawdown components, several minor losses occur.
Laminar losses through the filter zone and head losses associated with a restricted inlet area (e.g.,
convergence of flow lines toward milled sots) are typical minor losses. Generally, much smaller
than other well losses, they are neglected in the total drawdown equation.?

Effective well radius. As defined by Jacob,® effective well radiusiis that distance measured
radially from the axis of the well at which the theoretical drawdown equals the actual drawdown
in the filter zone. It shows the effectiveness of well development on increasing the hydraulic
conductivity in the immediate vicinity of the well (Figure 6). Effective well radius may be
calculated from step-drawdown test data once transmission and storage capacities of the aquifer
are known.

The following calculation can be used to

romnal et | evaluate well development:
[:3 I cEEEaEs T s 0.37¢* 5 GT269)
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P / n ae inwhich r = effective well radius - ft (m),
IRRPELINLI S o™ B= B (re t*) = formation loss coefficient
the fiiter zone Pl determined from step-drawdown testing -
7 ft/ gpm (m/L/s), t* = time since the
!'-" | beginning of each new discharge step in
Ettecive radius” | f N the step-drawdown test analysis - days, T
Shcninbritsun ealeudaned. = transmissivity gdp/ft (*/d), and S=
Pumping level [ -=2k= storage capacity.
CITEREE T Pumped well efficiency. Well efficiency
|-4- j}::':,:f: P isthe ration of the drawdown in the
-1-lxpl - - aquifer formation to the drawdown in the
- s R well. In a100-percent efficient well, the
-1~ |5v total dynamic head required to lift the
~} lopeiil - water to the initial (nonpumping) level
e =t A

would equal the total resistive (laminar)
losses in the aquifer. Thisidea well

) rarely exists in practice, with the
Figure 6. Concept of effective well  exception of unscreened wellsin
radius fractured rock agquifers or cavernous
limestone. Most wells exhibit turbulent

Filet 300



losses through and near the screen,

TR AR e s AT IOS peqiting in aloss of efficiency (Figure 7).
——"]
“;;qw,,,!,m, Well efficiencies considerably less than
| 100 percent are usually aresult of a
:t'\! { S combination of damage- zone laminar
Turbuient fiow iosses g T losses and near-well turbulent flow
1 - 1 losses. A combination of improper

construction, poor filter pack, and screen
Al ot design can result in partially or

BNy = e GrEwaOwn completely plugged screen slot openings,

which cause extremely high losses in the

vicinity of the slot and across the screen

aswell as very poor well efficiency.

- Ao R aw irs | HEFG g T ST
= well effici be quantitativel
| iciency may be quantitatively
L defined as:
——tr | e
LA B R E=BQ/ (BQ+ BQ+ B'Q" + CQ?)100

- (12)

Inwhich E = pumped well efficiency -

percent, B = formation loss coefficient -
Figure 7. Concept of pumped well ft/ gpm (m/L/s), B' = damage zone loss
efficiency coefficient - ft/ gpm (m/L/s), B" = filter

zone turbulent flow loss coefficient - ft/
gpm" (m/[L/s]?), Q = well discharge - gpm (L/s), and n = exponent (1<rg2).

In a properly constructed and fully developed well, the damage zone loss (ds) approaches zero.
Equation 11 is similar to Jacob's classical definition of well efficiency with the addition of the
turbulent filter and damage loss terms.

Step-drawdown tests are used to determine the coefficients B, B', and C; n is usually assumed
equal to 2. Interference testing (in conjunction with the step-drawdown test) is used to determine
the damage zone loss coefficient B.

Design of Efficient Wells

Severa design factors that affect hydraulic performance should be considered in the construction
of a production water well. The most important of these are well development, screen length and
diameter, filter zone material, and critical well radius. The degree to which each of these factors

contributes to well performance depends to a certain extent on operational criteria (i.e., pumping
rate) and to some extent on each of the other factors.

To properly design awell, the various factors should be evaluated with regard to initial cost as
well as operationa costs over the lifetime of the well.



Effect of well development. Well development is the process whereby material in the near-well
zone is rearranged and fines are removed to produce a highly permeable filter. Thisincludes the
removal of any residue from formation damage, such as mud cake and invasion.

A well is considered fully developed when no further improvement can be obtained in specific
capacity and well efficiency at a particular design discharge. Also, maximum allowable sand
production must be achieved at a specified time after startup under permanent pump production
rates. Figure 8 illustrates the effect of well development on both specific capacity and well
efficiency.

Effect of well screen length. The single

f Specific capacity T most important design factor that directly
; '/ affects well production is probably the
- e e — | | length of the well screen. The importance of
e . ;"”" 7_. §  this parameter is supported by the steadly-
z ~ e % state equation for drawdown in the aguifer.
g / . Interms of specific capacity, this equation
g 47/— Undeveloped ———smje— Developed - -] g may be written:
] | 5
& !( | i Qls=Kbi(s28log[rord)  (12)
) | 1 inwhich Q/s = specific capacity of the well -
Weil Deveiopment Time ————— gpm/ft (L/s/m), Q = well discharge - gpm
(L/s), s= drawdown in the aquifer - ft (m), b
Figure 8. Specific capacity, efficiency, = length of screen (assuming afully
and well development penetrating well) - ft (), K = hydraulic

conductivity of the aquifer - gpd/sq ft
(mm/s), re = effective well radius - ft (m), and r, = radius at zero drawdown - ft (m). AsEq 12
shows, specific capacity is directly proportional tot he total length of screen installed in the
aquifer.

Near-well turbulent losses as a function of screen length. A more efficient design can be
assured by calculating the minimum length of screen required. If enough screen is provided so
that the critical radius (rc) is equal to or less than the nominal radius (r.,), turbulent-flow head

losses in the filter zone can be minimized.

Sample calculations. Suppose it is desirable to pump 2000 gpm (126 L/s) from a 12-in.- (300-
mm-) diameter well in an aquifer in which mechanica grading analyses show a 50-percent
passing grain size (Dsp) of 1 mm. A pack-to-aquifer ratio of 5:1 is selected , resulting in the filter
material having an average grain size of 5 mm. The specific aquifer discharge for a critical radius
of 6 in. (150 mm) is determined from Figure 4 to be 9 gpnV/ ft (1.9 L/s/m). Therefore the
minimum length of well screen (b) that is required to eliminate turbulent filter zone head losses
would be:

B= 2000 gpnV 9 gpnv ft = 222 ft

For screen lengths shorter than 222 ft, the critical radius exceeds the nominal radius, creating
near-well turbulent head losses. These additional head losses mean higher pumping lifts and
operating costs over the life of the well. For example, if only 150 ft (45 m) of screen were
installed, the specific aquifer discharge (Q/s) would be (2000/150) = 13 gpm/ ft (2.7 L/S/m).
From Figure 4, the critical radius (r¢) is determined to be 10 in. (250 mm). In this case, turbulent



flow would extend 4 in. (100 mm) into the filter zone, resulting in unnecessary turbulent head
losses.

Effect of screen entrance velocity on well efficiency. There have been considerable discussion
and controversy regarding the upper limit for screen entrance velocity corresponding to good
well design. Recent investigations have produced valid data which refute earlier conceptions of
the empirical relationship between head losses through screens and entrance velocities.

Throughout the testing it was apparent that below a certain entrance velocity no appreciable gain
in well efficiency was achieved. This maximum value is 2-4 fps (0.6-1.2 m/s) and can be seen in
part B of Figure 9. The upper velocity limit was obtained for model well efficiencies measured at
100-gpm (6.3 L/s). For this study the 100-gpm (6.3 L/s) model value was selected as a worst case
or upper limit for field conditions because 100 gpm (6.3 L/s) in the model corresponds to a 600-
gpm (37.9-L/s) well in the field pumping from a 5-ft (1.5-m) thick aquifer.

Correspondingly, the percentage open areas
A for the various screens tested were plotted
against well efficiencies at 100 gpm (6.3
/ L/s). Asshown in part A of Figure 9, the
percentage open area corresponding to the 2-
- 4 fps (0.6-1.2 m/s) to maximize well
efficiency.
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In most field installations, entrance velocity
. . % iswell below this upper limit, as the

50 100 following example shows. A well with 100 ft
Wall Efficiency (30 m) of 10-in.- (250- mm+) diameter screen
having 3- percent open areais pumped at
1000 gpm (63.1 L/s). The entrance velocity
through the screen can be calculated from:
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in which v = screen entrance cvelocity - fps

(m/s), Q = well discharge - gpm (L/s), rw =

radius of the well screen - in. (mm), b=

length of the well screen - ft (m), and P =

’ ol e e e e percentage open area of the screen (fraction).
wiell EMiciency From Eq 13 the entrance velocity is

calculated as:
Figure 9. Entrance velocity, percent
open area, and well efficiency v =1000/(2355 100 0.03) = 0.28 fps
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The example shows that even if the
discharge from the well was increased by a factor of 10 (a highly unlikely field situation), the
calculated entrance velocity would still be below the recommended maximum.

Effect of screen entrance velocity on corrosion. According to Rossum,*velocity has two
opposing effects on corrosion. Corrosion isinitially accelerated by increasing velocity. As
velocity increases, the thickness of the laminar flow layer adjacent to the metallic surface
decreases, causing oxygen to diffuse from the metal. However, when protective films such as



calcite, or siderite form, velocities up to 5 fps (1.5 m/s) promote denser and more protective
coatings. In fact, within this range, the higher the velocity, the better the coating. Excessive
velocities may result in a combination of corrosion and erosion that may be severe. This occurs
when the protective coatings are swept away as they are being formed. For stedl pipes, this
velocity is approximately 10 fps (3 m/s).

Water system operators know that reasonable velocities are essential in mitigating corrosion.
Where velocity is low, particularly in dead ends, corrosion is severe. Merrill and Sanks® state that
one of the attributes of awell-conditioned water supply is avelocity of at least 2 fps (0.6 m/s).
WEell photo and TV logs show that corrosion and encrustation are greatest in screens set opposite
aquifers in which production and entrance velocities are low.

Effect of filter zone material and thickness. The primary purpose of the filter zoneisto
stabilize the agquifer. The well screen is correspondingly designed to stabilize the filter. In
naturally developed wells, the filter zone is developed by removal of fine particles, leaving a
zone of high conductivity surrounding the well screen. In filter pack wells, the relationship
between a characteristic grain size (usually the 50-percent passing size) of the pack and that of
the aquifer is known as the pack- aquifer ratio. There is general agreement that pack- aquifer
ratios should be between 4:1 and 6:1. Uniformity of material as measured by the uniformity
coefficient C, (ratio of the 60-percent passing to the 10-percent passing grain size) does not seem
to be a critical design factor if proper pack- aquifer ratios are adhered to. For example, tests have
shown that highly nonuniform aquifers (e.g., Cy, = 8) are stabilized using uniform filter packs (C,
= 1.5) if pack- aquifer ratios are between 4:1 and 6:1.”

The width of the annulus between the casing-screen and the borehole should be sufficient to
facilitate installation of the filter pack. The thickness of afilter pack typically ranges from 4 to 6
in. (100 to 150 mm).

Although the grain size of the filter pack materia aso has an effect in the amount of near-well
turbulence (i.e., smaller pore spaces reduce turbulence), control of turbulent flow lossesis
usually accomplished by reducing the pumping rate and increasing the screen length or diameter.

Effect of well screen diameter. Although screen diameter is not a critical design factor in most
cases, it can affect well performance.

Effect of diameter on well losses. For screen diameters used in typical wells, the head losses that
occur as water moves axially toward the pump intake are generally small. However, using high
pumping rates with small screen diameters may result in significant frictional pipe head losses,
and this possibility should be taken into consideration by the well designer.

Effect of diameter on critical radius. Under some conditions small diameters result in the
phenomenon of near-well turbulence, with a corresponding loss in specific capacity. Therefore,
screen diameters should be selected to ensure that the nominal well radius equals or exceeds the
critical radius.

Effect of diameter on specific capacity. The following example illustrates the effect of screen
diameter on specific capacity. For a 12 -in.- (300-mm:) diameter well in an aquifer with a
transmissivity (Kb) of 100 000 gpd/ ft (1250 n/d) specific capacity can be calculated from Eq
12. Assuming re = ry and ro, = 1050 ft, Q/s = 57 gpnV/ ft (11.8 L/s/m). If the well screen diameter
was 24 in. (600 mm), the specific capacity would be: Q/s = 63 gpm/ ft (13 L/s/m). Therefore,
doubling the diameter increases specific capacity only 10 percent.



Maximizing efficiency in well maintenance. Over the lifetime of the well, operational costs
generaly outweigh routine maintenance costs. Unnecessary operational costs result from screen
and turbulent filter zone losses, plugging at the orifice, or loss of permeability in the filter zone.
The importance of maintaining production and specific capacity is shown by the following
sample calculation, in which annual annual operating costs are determined.

A well with an original drawdown of 100 ft (30 m) and awell efficiency of 80 percent at 2000
gpm (126 L/s) was tested for efficiency. The latest data showed atotal drawdown of 117 ft (35
m) and awell efficiency of 68 percent at 2000 gpm (126 L/s). the additional operating costs
resulting from this decline can be calculated as follows:

Original drawdown = 100 ft

Original formation losses= 80 ft = 0.8 100 ft
Original turbulent- flwo losses = 20 ft = 0.2 100 ft
New drawdown = 117 ft

New formation losses = 80 ft

New turbulent-flow losses = 37 ft = 117 - 80 ft

The additional head loss due to screenslot plugging or other factors amountsto 17 ft (5.1 m).
The number of kilowatts of power P required to lift this additional 17 ft (5.1 m), assuming a
wire-to-water efficiency e = 0.65, can be calculated from:

P = = 9.854 kW

If the well is operated 16 h/d at a cost of $0.08/ kW h, the additional annual operating cost due to
the efficiency decrease would be:

16 365 9.854 0.08 = $4604

Assuming a 15-year life, these additional costs amount to $69,060. Thus lower cost of operation
isaprimary benefit of maximizing well efficiency. Production and drawdown measurements
should be conducted periodically and decisions made to redevelop the well should efficiencies
decline below an acceptable operating level.

Fied Tests

Step-drawdown tests to deter mine well-pump char acteristics. Evaluations of efficiency and
development, determination of drawdown- yield relationships, and calculation of some types of
individual losses may be made by conducting step- drawdown tests on the well. The test
procedure involves operating the well at multiple discharge rates, with each step being a fraction
of the maximum discharge. At least three steps are necessary for testing most wells. If turbulence
in the filter zone is suspected, however, as many as six steps may be required. Figure 10A
illustrates atypical step-drawdown analysis for determining well-pump characteristics.

Analysis of the step-drawdown data requires plotting the specific drawdown s/Q for each of the
steps. The following explanation shows the theory behind step-drawdown analysis. In afully
developed well penetrating the compl ete thickness of the aquifer, the drawdown in the well may
be written as:
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Figure 10. Step-drawdown analysis

+ C within the relevant discharge range.

S=BQ+B"Q"+CQ2

in which s = drawdown as measured in the
pumping well - ft (m), Q = well discharge -
gpm (L/s), B = formation loss coefficient -
ft/gpm (m/L/s), B" = filter zone turbulent flow
loss coefficient - ft/gpn (m/[L/g] ”2, C =wel
loss coefficient - ft/ gpn? (m/[L/s]%), and n =
exponent varying between 1 and 2. Equation 14
may be rewritten in terms of Q, assuming
fully turbulent flow in the filter zone (i.e.,, n =
2):

Q=B+ (B"+O)Q

From Eq 15, it can be seen that the formation
loss coefficient B may be determined from the
zero intercept of the best-fit straight line on a
plot of specific drawdown versus discharge.
During low-discharge steps there probably will
not be any near-well turbulence (i.e., B' = 0).
Consequently, the only turbulent losses will be
well losses. The dope of the best-fit straight
line through these points will be equal to C
(line 1 on Figure 10B). During higher discharge
rates, any near-well turbulent flow losses will
be reflected by a gradual change in slope (line
[ on Figure 10B). The slope of the curve
steepens as turbulence increases, with head
losses approaching those for fully turbulent
flow. The dope of the best-fit straight line
through the range of these points is equal to B"

In most wells, screen lengths are sufficiently long, and the critical radius does not exceed the
nominal radius. When all points of the test lie on a straight line, thisis confirmed. If additional
drawdown does not yield an increase in production, a pointof critical discharge has been reached.
This occurs when the screened formation is incapable of producing more water because of its
internal resistive forces, or when the discharge is equal to or greater than recharge to the aquifer
(e.g., boundary effects). This can, but usually does not, take place before the incidence of
significant well or near-well turbulent flow losses.

Once the constants B, B", and C are determined, the well efficiency may be calculated for the

complete range of discharge as:
no near-well turbulence
E = 100/(1+ CQ/B) (16)

Near-well fully turbulent flow present



E, = 100/(1+ [B"+ C] Q/B)  (17)

\ inwhich E; = well efficiency during the
lower discharge steps when no near-well
turbulenceis evident, and E;; = well
efficiency during the higher discharge steps
when near-well fully turbulent flow losses
are present (Figure 11).

Drop due 1o near-well
furbulence losses

§ - / This testing procedure described applies

; N only to fully developed wells with no

\ damage-zone losses. Analysis of step-

- drawdown data on awell with damage- zone
losses will result in alower formation loss
coefficient B than the true value. Step-

i drawdown testing by itself is not adequate
to differentiate between types of laminar
losses in the near-well zone. For those wells
with known or suspected damage- zone
losses, the following procedure is

Figure 11. Well efficiency (showingthe suggested. Identification of damage- zone

effect of near-well turbulence) head |0sses may be accomplished using an
interference test in conjunction with the

standard step-drawdown test. The interference test provides distance-drawdown data from
observation wells located near the pumping well (preferably within several hundred feet
[meters]). These data are then extrapolated logarithmically to the outer edge of the filter zone.
This extrapolated drawdown at the aquifer-filter zone contact represents the true formation loss.
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The difference between the apparent formation loss, as calculated from step-drawdown testing
and the true formation loss, represents damage- zone laminar losses (Figure 12).

Specific Drawdown

Chechar Qe ———————i

Discharge —— s

— Specific Drawdown

Figure 13. Evolution of a developing
well

Step-drawdown teststo indicate stage of
development. The step-drawdown test is
also avaluable tool for determining at what
point development is complete. Test data on
newly developed wells forma base signature
for the well. Subsequent tests can then be
compared with the original data for

redevel opment.

During devel opment, the hydraulic
conductivity of the material immediately
surrounding the well increases as a result of
remova of fine-grained material. In
addition, development removes the
detrimental effects of drilling. Therefore,
both the damage loss term and the filter
laminar loss term continue to decline during
development. Step-drawdown tests
conducted at during development reflect
these declining head losses. Negative slopes
on aplot of specific dravdown against
discharge indicate development is occurring.
Figure 13 typifies the evolution of a
developing well.

Specific loss. Well efficiency tests have
been shown to be useful to assess the
condition of awell. But because the
formation loss coefficiert B is a function of
aquifer type, comparison of well efficiencies
between wells in different geohydraulic
environments may be miseading.

To overcome this, the effect of the different aquifer types is removed and comparisons are made
only between turbulent head loss terms (well losses and near-well turbulent head losses). This
latter index, defined as specific loss (SL), is expressed as.

Specificloss=SL =CQ  (no near-well turbulence)

For cases in which near-well turbulence is present, the specific loss can be written:

Specificloss= SL = (B" + C)Q

Figure 14 shows an example of two wells completed in dissimilar geohydraulic environments.
As shown in the figure, comparisons of well efficiencies is miseading, whereas specific loss

comparisons are meaningful.
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Figure 14. Concept of specific loss

Conclusion

Design of efficient water wells requires knowledge of the various hydraulic factors that affect the
major drawdown components. Turbulent flow through the well screen and in the near-well filter
zone creates unnecessary head losses. Minimizing these turbulent-flow losses can result in
substantial cost savings over the lifetime of the well.

Efficient wells incorporate proper design of screens and filter materials with effective
development methods. The effective well radius can be used to measure the degree of filter-zone
development. Estimates of the minimum length of well screen required to eliminate near-well
turbulence can be made from knowledge of pumping rates and filter material. Recent
experimental test results show that entrance velocity and screen open area are not critical design
factors for mostfield applications. Proper pack-aquifer ratios and well development are primary
factorsin the construction of efficient water wells. The step-drawdown test is an effective tool
with which to calculate the efficiency of awell and ensure that development is compl ete.
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