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Abstract

Recent numerical studies have demonstrated that the conventional interpretation of the borehole flowmeter test (BFT) may

lead to considerable errors in estimates of the horizontal hydraulic conductivity ðKrÞ due to neglect of head loss across the

electromagnetic borehole flowmeter (EBF). Even in uniform aquifers, the conventional interpretation underestimates Kr at the

base and overestimates Kr at the top of the aquifer. In this paper, we derive exact analytical solutions for hydraulic head and

streamlines induced by the BFT in a confined homogeneous aquifer. The solutions explicitly consider head loss across the EBF.

The derived analytical solutions for head distribution in the vicinity of the pumping well and for volumetric flux to the well

sections above and below the EBF can be used to interpret field BFT data. In uniform aquifers, this approach can be applied to

obtain estimates of Kr from the conventional interpretation. Applications of this approach to the BFT field data set from a highly

heterogeneous aquifer indicate that the constraint of aquifer homogeneity limits the applicability of this approach, but it can

provide useful insights into the mechanism of flux redistribution near the borehole during the BFT.

q 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The borehole flowmeter test (BFT) methodology to

estimate the vertical distribution of horizontal

hydraulic conductivity KrðzÞ in a fully penetrating

well is based on measuring the profile of cumulative

discharge to a pumped well. There are several

flowmeter types that may be applied for this purpose:

the heat-pulse flowmeter (Hess, 1986; Paillet et al.,

1987), the spinner flowmeter (Hufschmied, 1986;

Molz et al., 1989), and the electromagnetic borehole

flowmeter (EBF) (Molz and Young, 1993; Young and

Pearson, 1995). The EBF has enjoyed more wide-

spread usage (Young, 1995; Boman et al., 1997;

Young, 1998) because it is durable, has no moving

parts and is sensitive to a wide range of flow rates.

However, while the EBF has many advantages,

important questions have been raised regarding the

device’s influence on field measurements (Boman

et al., 1997).

To provide a basis for data interpretation, the

majority of studies utilize the work of Javandel and

Witherspoon (1969) for perfectly stratified aquifers,

where Kr is a function of the vertical coordinate only.
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Using the assumption of constant head along the well

face in an aquifer without ambient flow, they showed

that the equipotentials align vertically and become

parallel to the well screen surface in the vicinity of the

borehole shortly after the pumping start. The draw-

down in the more remote parts of the aquifer is still

transient. From Darcy’s law, the inflow to the well

from each distinct layer is proportional to Kr: To infer

Kr for each layer, this inflow can be estimated by

analysis of the flow rate across the EBF QðzfÞ; which

is the cumulative flow rate that is collected over

the well section below the EBF and a function of the

EBF coordinate zf (Fig. 1). Necessarily, the cumulat-

ive flow rate in pumping conditions at the top of

the aquifer ðzf ¼ bÞ is equal to the pump flow rate:

Qp ¼ QðbÞ:

The resulting method of EBF data interpretation by

Molz et al. (1989) is as follows. After measuring flow

rate Qðzf;iÞ at different depths zf;i; i ¼ 1; 2;…; n and

dividing the aquifer into uniform layers of thickness

Dzf;i ¼ zf;i 2 zf;i21; the by-layer inflow to the well

Qðzf;iÞ2 Qðzf;i21Þ can be found, and the normalized

hydraulic conductivity Kr;i is calculated from these

data

Kr;i

�Kr

¼
Qðzf;iÞ2Qðzf;i21Þ

Qp

b

Dzf;i

<
dQðzf;iÞ

dz

b

Qp

;

i¼ 1;2;…;n;

ð1Þ

where �Kr is the arithmetic mean of Kr over the well

length divided into n layers (Molz et al., 1989):

�Kr ¼
1

n

Xn

i¼1

ðKrÞiDzf;i:

It is commonly assumed that the well fully penetrates

the aquifer of thickness b¼
Pn

i¼1Dzf;i: Rehfeldt et al.

(1989) published an analysis of various factors

affecting the BFT applications (head losses in the

well and screen, skin effects, etc.), but this analysis

has not been applied directly to field conditions

previously. Also, Boman et al. (1997) explored

ambient flow in the aquifer as an additional factor to

be considered for data interpretation. However, we

Fig. 1. Schematic diagram of borehole flowmeter test with electromagnetic borehole flowmeter (EBF): (a) ideal EBF, (b) non-ideal EBF.
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will limit our analysis to aquifers without ambient

flow.

Recently, experimental studies of the hydraulic

characteristics of the two commercially available EBF

devices (flow through orifices of 1.27 and 2.54 cm)

have found that when operated within their advertised

range, significant head losses can occur (Foley, 1997;

Arnold, 1997). In highly permeable aquifers, these

head losses can be significant relative to the pumping

drawdown, which violates the assumption of constant

head along the well face. The ramifications of these

studies are as follows: (1) the head loss that occurs

across the EBF device is a function of flow rate

through it; (2) the assumption of constant head along

the well face does not hold in the practical ranges of

the pumping flow rates; and (3) the well face can be

divided into two zones (above and below the EBF

location) with different but constant heads. In the case

of an ideal EBF without head losses, Eq. (1) is valid.

In the case of non-ideal EBF with head losses, this

equation needs a correction. Thus, the question is:

‘What effect, if any, will an EBF device have on the

flow regime surrounding the borehole and the

estimates of layer Kr?’

Using numerical simulation of flow near the well

with and without a gravel pack, Dinwiddie et al.

(1999) found that the conventional interpretation can

bias estimates of Kr due to the head losses across the

EBF. This interpretation underpredicts Kr in the lower

and intermediate portions of the aquifer and over-

predicts Kr in the upper portions of the aquifer. The

magnitude of this bias is positively correlated with the

magnitude of aquifer Kr and can skew estimates by

more than a factor of two. In cases where a high

conductivity gravel pack is present, Kr estimates will

be further biased.

Ruud et al. (1999) have numerically explored

the effects of the head losses, gravel pack, and

large-scale aquifer stratification separately and in

various combinations. Their results indicated that

gravel and aquifer heterogeneity could skew Kr

values by more than an order of magnitude. Among

their practical recommendations, they suggested

modification of instruments and/or established

field procedures (increase the orifice diameter, use

flowmeter without a packer, and perform flowmeter

measurements at multiple pumping rates). However,

the authors limited their analysis to conceivable

‘worst case’ scenarios without field examples.

In this paper, we explore an alternative

approach—modification of interpretation procedures

without changes of field procedures. This interpret-

ation of the BFT takes into account the hydraulic

characteristics of the EBF and corrects for head

losses. The objectives of this paper are as follows:

(1) to derive the head-loss corrected analytical

solution of the EBF test problem, and (2) to apply

the solution to synthetic and real field data. This

solution will be derived for the uniform confined

aquifer case, and qualitative aspects of this method

will be discussed. We will apply the head-loss

corrected interpretation to the cases of a hypothe-

tical uniform aquifer and a real alluvial aquifer. In

the latter case, we compare the corrected and

uncorrected results with data from multi-level slug

tests (MLST). In the homogeneous aquifer, the

head-loss corrected interpretation resolves the dis-

crepancy between estimated and actual Kr; similar

to the results of numerical studies by Dinwiddie

et al. (1999) and Ruud et al. (1999). However, in

highly heterogeneous conditions, the potential of

this approach needs further investigation.

2. Theory

2.1. Ideal EBF

Consider a fully penetrating well of radius rw

that is screened throughout the entire thickness ðbÞ

of a homogeneous anisotropic confined aquifer of

infinite radial extent (Fig. 1). The origin of the

system of coordinates is at the base of the well.

We will consider the EBF fitted with a short

(infinitesimal) packer at elevation zf : Most current

data interpretations are based on steady-state BFT

data for an ideal EBF, i.e. without head losses. The

governing equation of steady-state axisymmetric

groundwater flow for a cylindrical coordinate

system can be written as follows

Kr

r

›

›r
r
›s

›r

� �
þ Kz

›2s

›z2
¼ 0;

r . rw; 0 , z , b;

ð2Þ
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where s is drawdown, and Kr and Kz are the

radial and vertical components of hydraulic con-

ductivity. The horizontal confining boundaries are

impermeable

›sðr; 0Þ

›z
¼

›sðr; bÞ

›z
¼ 0; rw # r # 1; ð3Þ

where rw is the well radius. The boundary

condition at the well screen indicates identical

drawdowns in the upper well section ðsUÞ above

and the lower well section ðsLÞ below the EBF

position

sðrw; zÞ ¼ sU ¼ sL; 0 , z , b: ð4Þ

At the radius of influence R; the drawdown is

negligible

sðR; zÞ ¼ 0; R !1; 0 , z , b: ð5Þ

The well is being pumped at a constant rate Qp

Qp ¼ 22pKrrw

ðb

0

›sðrw; zÞ

›r
dz; ð6Þ

and the drawdown in the aquifer has reached

steady-state in the zone of EBF influence

(rw , r , R; 0 , z , bÞ:

The drawdown solution of the problem (2)–(6)

obeys the Thiem equation

sðr; zÞ ¼
Qp

2pKrb
ln

R

r

� �
; ð7Þ

which yields velocity components ðVr;VzÞ :

Vrðr; zÞ ¼ Kr

›s

›r
¼ 2

Qp

2pbr
;

Vzðr; zÞ ¼ Kz

›s

›z
¼ 0:

ð8Þ

Flow rate through the EBF is only a function of its

elevation and is as follows:

QðzfÞ ¼ 22pKrrw

ðzf

0

›sðrw; zÞ

›r
dz ¼ Qp

zf

b
: ð9Þ

Note that velocity components are independent of

the radius of influence and that drawdown at

the well face s0 is

sðrw; zÞ ¼
Qp

2pKrb
ln

R

rw

� �
¼ s0 ¼ sU ¼ sL: ð10Þ

The flow field near the ideal EBF is shown in Fig. 2.

2.2. Non-ideal EBF

In the case when head losses occur across the EBF,

the drawdown in the aquifer s0ðr; zÞ and the drawdown

in well s0ðrw; zÞ differ from the ideal EBF case. The

groundwater flow equation

Kr

r

›

›r
r
›s0

›r

� �
þ Kz

›2s0

›z2
¼ 0;

r . rw; 0 , z , b;

ð11Þ

boundary conditions on the base and the top of the

aquifer

›s0ðr; 0Þ

›z
¼

›s0ðr; bÞ

›z
¼ 0; rw # r # 1; ð12Þ

and boundary condition at the radius of influence R

s0ðR; zÞ ¼ 0; R !1; ð13Þ

are similar to the case of the ideal EBF. However, the

well face is now divided into two sections by the EBF

at elevation zf with a different drawdown in the lower

section ðs0LÞ and the upper well section ðs0UÞ : s0U . s0L :

s0ðrw; zÞ ¼
s0U; zf , z , b

s0L; 0 , z , zf

(
: ð14Þ

To determine s0U and s0L uniquely, two additional

conditions are available. The first condition describes

the pumping rate

Qp ¼ 22pKrrw

ðb

0

›s0ðrw; zÞ

›r
dz; ð15Þ

and the other condition

Ds0 ¼ s0U 2 s0L ¼ f ðQ0ðzfÞÞ; ð16Þ

describes the head losses across the EBF, Ds0; as a

function of the flow rate through the EBF Q0ðzfÞ at

elevation zf :

Q0ðzfÞ ¼ 22pKrrw

ðzf

0

›s0ðrw; zÞ

›r
dz: ð17Þ
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The non-linearity of condition (16) and the unknown

function Q0ðzfÞ are major obstacles in deriving a

solution for the problem defined by Eqs. (11)–(14).

Condition (16) requires additional comment. Para-

bolic dependence of head losses on flow rate is

expected for the nozzle-type configuration of the EBF

orifice. Arnold (1997) and Foley (1997) have shown

that the head loss for the 1.27 cm (1/2 in.) and 2.54 cm

(1 in.) EBF (Quantum Eng. Corp.) obey the standard

head loss equation for a nozzle (Fox and McDonald,

1992)

Ds0 ¼ s0U 2 s0L ¼ f ðQ0ðzfÞÞ ¼ CðQ0ðzfÞÞ
2
; ð18Þ

where C ¼ ð1 2 ðA2=A1Þ
2Þ=ð2C2

dA2
2gÞ; A1 ¼ pr2

w is the

cross-sectional area of the well screen, A2 ¼ pr2
0 is

the cross-sectional area of the EBF’s orifice, g ¼ 9:81

m=s2; and Cd is the empirical discharge coefficient.

Ruud et al. (1999) and Dinwiddie et al. (1999) used

the following empirical relationship after Foley

(1997) for the 1.27 cm (1/2 in.) EBF:

Ds0 ¼ s0U 2 s0L ¼ f ðQ0ðzfÞÞ

¼ 62Q0ðzfÞ þ 4:2 £ 106ðQ0ðzfÞÞ
2
: ð19Þ

For the 2.54 cm (1 in.) EBF, the following equation is

valid (Foley, 1997):

Ds0 ¼ s0U 2 s0L ¼ f ðQ0ðzfÞÞ

¼ 9:7Q0ðzfÞ þ 2:2 £ 105ðQ0ðzfÞÞ
2
: ð20Þ

The solution of the boundary value problem (11)–

(14) with additional conditions (15) and (16) is

uniquely defined. This problem is non-linear due to

the non-linearity of Eq. (16).

2.3. Solution of the problem for non-ideal EBF

Previous studies of the non-ideal EBF by Dinwid-

die et al. (1999) and Ruud et al. (1999) utilized

Fig. 2. Groundwater flow near the ideal EBF. Dashed lines show the drawdown, and continuous lines are streamlines that indicate constant

values of the normalized Stokes’ stream function. Percentile value on each streamline indicates fraction of the total pumping rate that enters the

well screen below this streamline.
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numerical methods due to the complexity of the

problem. However, analysis of the hydraulics indi-

cates that this problem can be reduced to a linear one

that lends itself to methods that have been previously

utilized by Zlotnik and Ledder (1994, 1996).

We introduce the function s1ðr; zÞ as the

difference between the solutions for a non-ideal

EBF and an ideal EBF:

s0ðr; zÞ ¼ sðr; zÞ þ s1ðr; zÞ: ð21Þ

Substitution of s0 into the boundary value problem

(11)–(17) yields the following boundary value

problem for function s1

Kr

r

›

›r
r
›s1

›r

� �
þ Kz

›2s1

›z2
¼ 0;

r . rw; 0 , z , b;

ð22Þ

boundary conditions on the base and the top of the

aquifer

›s1ðr; 0Þ

›z
¼

›s1ðr; bÞ

›z
¼ 0; rw # r # 1; ð23Þ

and boundary condition at the radius of influence R

s1ðR; zÞ ¼ 0; R !1; ð24Þ

that are similar to the case of ideal EBF. The

drawdown values in the lower section s0L and the

upper well section s0U yield the following boundary

condition:

s1ðrw; zÞ ¼
s0U 2 s0; zf , z , b

s0L 2 s0; 0 , z , zf

(
: ð25Þ

To determine s0U and s0L uniquely, two additional

conditions stemming from Eqs. (15), (16) and (21)

are used

2pKrrw

ðb

0

›s1ðrw; zÞ

›r
dz ¼ 0; ð26Þ

Ds0 ¼ s0U 2 s0L ¼ f ðQ0ðzfÞÞ; ð27Þ

where the flow rate through the EBF Q0ðzfÞ at

elevation zf is defined as follows:

Q0ðzfÞ ¼ QðzfÞ2 2pKrrw

ðzf

0

›s1ðrw; zÞ

›r
dz: ð28Þ

This condition relating readings of the ideal and

non-ideal EBF will be used to convert data from

one type of EBF to the other.

An important conclusion follows from relationship

(26), which is rewritten as follows

2pKrrw

ðzf

0

›s1ðrw;zÞ

›r
dz¼22pKrrw

ðb

zf

›s1ðrw;zÞ

›r
dz:

ð29Þ

This indicates that the drawdown s1 can be attributed

to equivalent recirculation well causing a dipole flow

field, where the lower section below the flowmeter

injects water to the aquifer, while the upper section

extracts water from the aquifer with an equivalent

flow rate. The kinematic structure of this problem was

studied previously in detail by Zlotnik and Ledder

(1994, 1996). The non-ideal BFT flow can be

described as the superposition of the flow near a

vertical dipole (drawdown s1) and the flow to a

vertical sink (drawdown s).

Neglecting the vertical size of EBF eliminates

computational difficulties associated with multi-

screen wells (Cole and Zlotnik, 1994; Ruud and

Kabala, 1997). The solution of the problem (22)–

(25) for R ¼ 1 can be written using standard

techniques

s1ðr; zÞ ¼ 2Ds0
X1
n¼1

bn

np
cos

npz

b

� �
K0

npr

ab

� �
; ð30Þ

where

a ¼ ðKr=KzÞ
1=2
;

bn ¼ 2 sin
npzf

b

� �
=K0

nprw

ab

� �
;

ð31Þ

and where K0ðxÞ is the modified Bessel’s function.

The corresponding velocity components are as

follows:

V 0
r ¼ Kr

›s0

›r
¼ Vr þ

KrDs0

ab

X1
n¼1

bn

� cos
npz

b

� �
K1

npr

ab

� �
; ð32Þ
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V 0
z ¼ Kz

›s0

›z
¼

KzDs0

b

X1
n¼1

bn sin
npz

b

� �
K0

npr

ab

� �
:

ð33Þ

Substitution of Eq. (30) into Eq. (28) and using

properties of the modified Bessel’s function

ðK 0
0ðxÞ ¼ 2K1ðxÞÞ yield equation for the flow rate

across the flowmeter as follows

Q0ðzfÞ ¼ QðzfÞ2 gDs0F
zf

b
;

rw

b
; a

� �
; ð34Þ

where F is a shape factor:

F
zf

b
;

rw

b
;a

� �
¼
X1
n¼1

bn

np
sin

npzf

b

� �
K1

nprw

ab

� �
;

g¼ 2prwðKrKzÞ
1=2
:

ð35Þ

Eq. (34) leads to a solution of the non-linear

boundary value problem using the following simple

algorithm:

1. For a given EBF elevation zf ; the flow rate for an

ideal EBF QðzfÞ is determined from Eq. (9).

2. The shape factor F is evaluated from Eq. (35)

that correspond to elevation zf :

3. Eqs. (16) and (34) (or one of more specific equations

for head losses (18)–(20)) yield parameters Ds0 and

Q0ðzfÞ that correspond to elevation zf :

4. The distribution of s1ðr;zÞ and s0ðr;zÞ is evaluated

using Eqs. (21) and (30), respectively.

The presence of a discontinuity in head at the

EBF elevation results in a poor convergence of

the Fourier series at r ¼ rw for drawdown and for

velocity components. Treatment of these discontinu-

ities was discussed by Hamming (1962). In our case,

convergence can be drastically improved if one

computes the series in Eqs. (30), (32), (33), and (35)

not at the well face ðr ¼ rwÞ; but at a small distance

from the well surface r ¼ rw þ 1; where 1p rw;

however, terms bn that are given in Eq. (31) should be

computed at r ¼ rw:

2.4. Stokes’ stream function and streamlines

Ideal EBF. For steady-state axisymmetric flow, the

Stokes’ stream function cðr; zÞ is defined by

the equations (Bear, 1972, p. 229):

›c

›r
; Kzr

›s

›z
¼ rVz;

›c

›z
; 2Krr

›s

›r
¼ 2rVr:

ð36Þ

Contour values of cðr; zÞ represent streamlines, which

can be applied to analyze the flow structure near the

EBF. The stream function can be defined with

arbitrary reference level; for convenience we assign

cðrw; 0Þ ¼ 0:

It follows from Eq. (8) and definitions (36) that the

Stokes’ stream function for flow to the well due to

pumping can be written in the following form

cðr; zÞ ¼
Qp

2p

z

b
; 0 , z , b: ð37Þ

Notice that the Stokes’ stream function is dependent

on relative elevation ðz=bÞ and independent of radial

position r of the observation point. The streamlines

are parallel to and evenly spaced between the upper

and lower boundaries. We introduce the normalized

Stokes’ stream function

Cðr; zÞ ¼
cðr; zÞ

cðrw; bÞ
¼

z

b
; 0 , z , b; ð38Þ

where cðr; zÞ is normalized to its maximum value

cðrw; bÞ ¼ Qp=2p so that 0 # CðzÞ # 1 (Fig. 2).

Non-ideal EBF. We denote Stokes’ stream func-

tion for non-ideal borehole flowmeter as c0ðr; zÞ which

also satisfies Eq. (36). Substituting Eqs. (32) and (33)

into Eq. (36) and using the modified Bessel’s function

property that was given above, one can integrate

Eq. (36) subject to condition c0ðrw; 0Þ ¼ 0:

Resulting Stokes’ stream function c0ðr; zÞ is a

linear combination of two stream functions for flow to

the well and for recirculation due to by-pass flow

around the EBF and to the head losses across the EBF:

c0ðr; zÞ ¼ cðr; zÞ2 rðKrKzÞ
1=2Ds0

X1
n¼1

bn

np

� sin
npz

b

� �
K1

npr

ab

� �
;

rw , r , 1; 0 , z , b:

ð39Þ
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We introduce the normalized Stokes’ stream function

C0ðr; zÞ ¼
c0ðr; zÞ

c0ðrw; bÞ
¼

c0ðr; zÞ

Qp=2p
; ð40Þ

where 0 # C0ðzÞ # 1; and the final form can be

written as follows

C0ðr; zÞ ¼ Cðr; zÞ2
2rðKrKzÞ

1=2Ds0

Qp

X1
n¼1

bn

n

� sin
npz

b

� �
K1

npr

ab

� �
;

rw , r , 1; 0 , z , b:

ð41Þ

3. Applications

3.1. Relationship between K estimates from the ideal

and non-ideal EBF data

While field applications of the EBF always have a

certain degree of non-ideality due to head losses

across the EBF, it is desirable to find the appropriate

corrected values of flow rate through the orifice that

could be measured by an ideal EBF that does not

disturb the horizontal flow in the tested aquifer. The

derived equations can be used for finding relations

between K estimates from ideal and non-ideal EBF

data. We will explore the possibility of correcting data

interpretation for homogeneous and heterogeneous

aquifers. In all cases we follow the approach by Ruud

et al. (1999) and Dinwiddie et al. (1999) who

considered only isotropic aquifers:

K ¼ Kr ¼ Kz: ð42Þ

For an ideal EBF, interpretation of field data in a

uniform aquifer by Eq. (1) yields the following trivial

identity:

Ki

K

� �
ideal

¼ 1: ð43Þ

For a non-ideal EBF in uniform aquifers, substitution

of flow rate from Eq. (34) to Eq. (1) yields the

following K estimate

Ki

K

� �
non-ideal

¼
Ki

K

� �
ideal

2d ¼ 1 2 d; ð44Þ

where

d ¼
2prwKb

Qp

ðDs0FÞz¼zf;i
2 ðDs0FÞz¼zf;i21

zf;i 2 zf;i21

 !
: ð45Þ

Therefore, the final equation for estimates of K due to

the non-ideality of EBF can be expressed via the

correction d :

Ki

K

� �
ideal

¼
Ki

K

� �
non-ideal

þd: ð46Þ

This equation should be used as follows. In a standard

approach, data from non-ideal flowmeter can be

processed using Eq. (1) to estimate relative values

of Ki for each layer. These are ðKi=KÞnon-ideal estimates.

Then, Eq. (46) is applied to each layer to convert these

estimates to ðKi=KÞideal values that would be obtained

using an ideal EBF (without head losses across the

flowmeter).

In cases where the EBF has been applied for

characterization of relatively uniform and isotropic

media similar to one that has been studied by

Dinwiddie et al. (1999), this correction could be

adequate to remove the non-linearity effects. How-

ever, in layered heterogeneous aquifers, the potential

of this approach has to be tested.

We will examine the impacts of EBF non-ideality

on K estimates using examples by Dinwiddie et al.

(1999) and Ruud et al. (1999), and original field data.

Previous investigations employed finite-difference

models and iterative numerical methods to satisfy

mass balance in the borehole. In our case, we will

demonstrate that the simple analytical model can yield

additional insights into the problem of K

measurements.

3.2. Effect of head losses on large-scale K estimates

Ruud et al. (1999) investigated several hypothe-

tical cases of EBF applications (uniform aquifer,

effect of gravel pack, and combined effect of the

gravel pack and two-layer aquifer heterogeneity).

They considered a BFT performed in a well of radius

rw ¼ 0:1 m in uniform isotropic aquifer with K ¼

5 £ 1025 cm=s and saturated thickness b ¼ 45 m: The

well is being pumped at a constant rate of Qp ¼ 20:83

l=min: An EBF having a 1/2 in. orifice has the head

loss function given by Eq. (19).
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Ruud et al. (1999) evaluated inflow to the well

above and below the EBF at only one elevation zf ¼

40 m: Multiple runs for different EBF elevations

would require consecutive well grid adjustments.

Applying Eq. (1), they determined the apparent

hydraulic conductivity below the EBF ðKbelow=KÞ ¼

0:73 and above the EBF ðKabove=KÞ ¼ 3:3:

Our calculations of the same BFT follow the

simple algorithm from Section 2.3. At given EBF

elevation zf;1 ¼ 40; we calculated the flow rate for an

ideal EBF Qð40Þ ¼ 3:09 £ 1024 m3=s (18.52 l/min)

from Eq. (9) and g ¼ 3:14 £ 1025 m2=s: Parameter

F ¼ 11:76 from Eq. (35) was estimated using

parameter 1 ¼ 0:005 m: This yields the equation:

Q0ð40Þ ¼ 3:09 £ 1024 2 3:69 £ 1024Ds0 according to

Eq. (34), which can be reduced using Eq. (19) to a

quadratic equation for Q0ð40Þ: This yields Q0ð40Þ ¼

2:26 £ 1024 m3=s and Ds0 ¼ 0:224 m: Substituting

these parameters into the correction d with zf;0 ¼ 0

and zf;2 ¼ 45; we estimated ðK1=KÞ ¼ ðKbelow=KÞ ¼

0:73 below the EBF and ðK2=KÞ ¼ ðKabove=KÞ ¼ 3:1

above the EBF. These results correspond well with

numerical simulations by Ruud et al. (1999). This

algorithm can be easily repeated for any number of

elevations.

We can compare flow systems that develop by

using an ideal EBF and a non-ideal EBF. The steady-

state distribution of drawdown from Eq. (7) and

streamlines in the vicinity of the well with an ideal

EBF are shown in Fig. 2. The radius of influence was

calculated as R ¼ 1:5
ffiffiffiffiffiffiffi
Kt=Ss

p
¼ 636 m using data from

Ruud et al. (1999). It is obvious that equipotentials are

vertical, streamlines of flow are horizontal, and K

estimates above and below the EBF based on Eq. (1)

are valid. For the case with head loss across the EBF,

the head distribution is calculated from Eqs. (7), (21),

and (30) and streamlines obey Eq. (41). Both

streamlines and equipotentials are shown in Fig. 3.

In this case, streamlines are diverted towards the

upper zone, even at large radial distances from the

well due to the by-pass flow from the lowest section to

the upper section. Flux to the 2.5 m zone just below

the EBF represents only about 5% of the flux that

would be expected for the ideal case. This redistribu-

tion of flux through the aquifer has a serious impact on

estimates of hydraulic conductivity. Note that this plot

refines the streamlines presented by Ruud et al. (1999,

their Figures 3 and 4) because our method is based on

the exact Stokes’ stream function rather than on

particle tracking algorithms.

3.3. Apparent profile of K in uniform aquifers

Ruud et al. (1999) gave results for one of the

worst case scenarios of disparity between the upper

and the lower well sections obtained due to head

losses in non-ideal EBF. It was demonstrated that

streamlines of flow in the aquifer are horizontal

when no losses occur across the EBF. However, the

head difference between the sections above and

below the EBF is a function of flow rate through the

EBF, which is in turn a function of the elevation of

the EBF. The overall impact of head loss through

the EBF results in an apparent profile of K in an

aquifer divided into multiple aquifer layers. Din-

widdie et al. (1999) performed these labor intensive

computations for multi-layer aquifer. Our method

can handle this problem using less effort and with

identical accuracy.

To investigate the role of EBF head loss on the Ki

profile, we consider the data set from Dinwiddie et al.

(1999). The BFT was performed in a well of radius

rw ¼ 0:05 m in an aquifer that has saturated thickness

b ¼ 6:1 m: The confined aquifer is isotropic and

homogeneous with K ¼ 9:1 m=day: The well is being

pumped at a constant rate of Qp ¼ 19:99 l=min: We

divide the aquifer into 20 layers with a thickness of

Dzf ¼ 0:3 m each, with the exception of the central

layer that has a thickness of 0.4 m (to be fully

compatible with work of Dinwiddie et al. (1999)). In

this hypothetical scenario, an EBF with a 1/2 in.

orifice and Cd ¼ 0:85 in Eq. (18) is used.

We can theoretically calculate the cumulative

discharge Q0ðzf;iÞ at the boundary of each layer by

applying simple algorithm that has been described in

Section 2.3 and illustrated in Section 3.2. The obtained

profile of ðKi=KÞnon-ideal is compared in Fig. 4 with the

numerical results of Dinwiddie et al. (1999). The

analytical and numerical profiles compare well

considering that the numerical experiments assumed

a finite packer length of 12.7 cm and the analytical

solution was derived assuming an infinitesimal packer

length. Discretization errors in the numerical model

may also be accountable for minor discrepancies.

This profile was obtained using the standard EBF

interpretation from the cumulative discharge profile
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Fig. 3. Groundwater flow near the non-ideal EBF. Dashed lines show the drawdown, and continuous lines are streamlines that indicate constant

values of the normalized Stokes’ stream function. Percentile value on each streamline indicates fraction of the total pumping rate that enters the

well screen below this streamline.

Fig. 4. Comparison of the analytical estimates (this paper) and numerical estimates (Dinwiddie et al., 1999, Table 2) of the apparent hydraulic

conductivity obtained from the BFT with non-ideal EBF.
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that considers head losses across the flowmeter. The

profile differs significantly from the true aquifer K: In

the lower 85% of the aquifer thickness, the K estimate

is less than the true aquifer K due to redistribution of

flow to the zone above the EBF. The discrepancy is

largest near the center of the aquifer. This is intuitive,

since as the EBF is positioned higher in the aquifer,

head loss across it becomes greater. In the upper

sections of the aquifer a greater portion of flux is

collected, which results in overestimates of K for this

zone.

The apparent results shown in Fig. 4 can be

completely corrected for uniform aquifer conditions

by using Eq. (46) for each layer. This method can be

formally extended to ‘relatively uniform’ aquifers,

because the latter equation requires estimates of

average K and shape factor F only. However, validity

of this technique for heterogeneous aquifers is not

apparent. We will evaluate potential of this technique

in heterogeneous aquifers in Section 3.4.

3.4. Evaluation of correcting field data using

an approach for uniform aquifers

An EBF with a 1 in. flow-through orifice was

applied to collect profiles of flow rate in two wells

(well 14 and well 15). These wells with rw ¼ 5:1 cm

fully penetrate the shallow unconfined aquifer at the

Management Systems Evaluation area (Zlotnik and

McGuire, 1998; Zlotnik and Zurbuchen, 2002). The

highly permeable aquifer of thickness b ¼ 13 m

consists of unconsolidated sands and gravels. Pre-

vious studies suggest that procedures to minimize the

formation of well skin during installation were

effective (Zurbuchen et al., 2002).

A mechanical flange-type packer consisting of two

1-cm thick rubber disks spaced 10 cm apart was fitted

on the EBF to prevent by-pass flow within the well.

The profiles of flow rate through the EBF collected

sequentially from the base of the well to near the top

of the well screen at vertical increments of 15 cm

during ambient flow conditions indicated no detect-

able ambient flow. Flow rate profiles under non-

pumping conditions detected no ambient flow. Flow

rate profiles under pumping conditions were collected

in the same manner after allowing drawdown in the

well to stabilize. The pumping rate was Qp ¼ 60 m3=

day: Repeat cumulative discharge profiles collected

were practically identical. Due to constraints of the

pump configuration and operation, profiles were

collected below depth 2 m from the water table to

the aquifer base.

The EBF is capable of providing estimates of

relative Kr;i only in highly permeable aquifers.

However, corrections of the EBF interpretation

require the absolute estimates of Kr;i in Eq. (45). In

our case, we derive the averaged K estimates from the

available MLST for wells 14 and 15 over the

appropriate part of the screen. The head losses

function is taken from Eq. (18) with Cd ¼ 0:90

(Arnold, 1997). Applying Eq. (1) directly to the

field data yields ðKi=KÞnon-ideal estimates. The appro-

priate K profile estimates are shown in Fig. 5 for both

wells. The MLST results are also displayed and are

considered to be baseline values of Ki: Also, corrected

for head losses K estimates ðKi=KÞideal are also shown

in the same figure.

The MLST and BFT data indicate that Ki is highly

variable with depth, ranging over an order of

magnitude. In both wells there is an apparent increase

in Ki with depth that is common in alluvial aquifers. In

well 14 there is a sharp increase in Ki at the depth

10.5 m below top of casing, and a similar increase is

seen in well 15 at depth 8.5 m.

Corrected for head losses ðKi=KÞideal data from BFT

are significantly greater than the ðKi=KÞnon-deal over

practically the entire well, with the exception of

aquifer base. This is to be expected because

consideration of head losses assumes that more

discharge enters the well section above the EBF

compared to the case of ideal EBF at the same

elevation. Additionally, since we were unable to

collect the flow rate profile for the uppermost section

of well screen, the zone where the conventional

interpretation overpredicts Ki; is absent.

Both interpretations of the BFT do not match the

MLST data well. The overall trend of increasing K

with depth in Fig. 5 is not that apparent if one applies

the standard data interpretation (assumption of ideal

EBF without head losses), albeit it matches the MLST

local variations adequately. Effort to improve the

overall trend using the correction for non-ideality of

the EBF in Eq. (46) exaggerates existing

discrepancies.

The idea of correcting the BFT data essentially

exploits the aquifer homogeneity. For the MLST,
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the assumption of local homogeneity is germane,

because K estimates are heavily biased towards the

active screen zone (Zlotnik and Zurbuchen, 2003).

However, during the BFT, flow is strongly dependent

on the flow kinematics over the entire screen, and the

resulting constant shape function is valid only for

uniform aquifers. In heterogeneous aquifers, use of

constant shape factor may not yield any improve-

ments in the EBF test interpretations.

4. Conclusions

An analytical solution for the non-linear flow

problem of the BFT has been obtained. This steady-

state solution for drawdown and streamlines in the

aquifer accounts for head losses across the EBF. This

model represents the solution of the BFT problem as a

superposition of the flow to a fully penetrating well

and a dipole flow. Both drawdown and the Stokes’

Fig. 5. Effect of the analytical correction for non-ideality of the EBF on estimates of hydraulic conductivity profiles: (a) well 14; (b) well 15.

(For comparison, the hydraulic conductivity profiles from the multi-level slug tests are also shown).
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stream function are presented by infinite series. The

model significantly reduces computational efforts for

simulating flow in a homogeneous aquifer.

Application of the model was compared with the

results of finite-difference models of Dinwiddie et al.

(1999) and Ruud et al. (1999). This comparison

indicates quantitative and qualitative correspondence

with the results of numerical modeling. When head

loss occurs across the EBF, flow in the aquifer is no

longer horizontal and a larger proportion of flux to the

well is distributed to the zone above the EBF than

predicted assuming an ideal flowmeter without head

losses. The amount of by-pass flow is dependent on

the functional head loss characteristics of the EBF, Kr

of the aquifer, elevation of the EBF in the well,

aquifer thickness, well radius, and anisotropy.

The derived analytical solutions for cumulative and

differential discharge as a function of EBF elevation

also confirmed the findings of Ruud et al. (1999) that

apparent Kr for the zone below the EBF is decreased

and Kr is increased for the zone above the EBF. The

solution also supports the findings of Dinwiddie et al.

(1999) on the decrease of apparent K in the lower 85%

section of the well and increase of apparent K in the

upper 15% of the well section length.

Albeit effective for uniform aquifers, this solution

has a limited potential for applications in hetero-

geneous conditions. Comparison with independently

obtained K profiles by MLST indicates that correc-

tions for head losses in EBF data cannot be easily

done by modification of data interpretation only, and

more sophisticated field procedures are needed.

The obtained solution provides additional insights

into the kinematics of the BFT and can provide useful

guidance for proper applications of the EBF and BFT.
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