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ABSTRACT

Extensive borehole flowmeter tests were performed at 37 fully-screened 
wells on a one-hectare test site to characterize the three-dimensional 
hydraulic conductivity field of an alluvial aquifer with a <?inK of 
4.7. During the site investigations, several major advancements with 
respect to borehole flowmeter technology were developed. The milestones 
included: (1) a field durable electromagnetic (EM) borehole flowmeter
with a lower detection limit of 0.1 L/min; (2) the importance of the 
pumping rate with respect to the calculated value for the depth-averaged 
hydraulic conductivity; and, (3) an evaluation of alternative methods for 
calculating the depth-averaged hydraulic conductivity. The predicted 
three-dimensional hydraulic conductivity field was compared to the 
results of 10 small-scale (3 to 7 meters) tracer tests, information about 
the depositional history of the aquifer, and the results of three 
large-scale aquifer tests. The hydraulic conductivity data predicts the 
major features of the tracer breakthrough curves, maps the outline of a 
former river meander in an aerial photograph, and leads to a geometric 
mean consistent with the average hydraulic conductivity of the aquifer.

INTRODUCTION

Borehole flowmeter tests include measuring the incremental discharges 
along a fully-screened well during small-scale pumping tests. By 
assuming the flow of groundwater to the well is horizontal and unbounded, 
the hydraulic conductivity of each layer in the aquifer is calculated 
with the well equations developed by Cooper and Jacob (1946). Figure 1 
provides a schematic of horizontal flow to a well and the corresponding 
profiles for cumulative discharge and the calculated hydraulic 
conductivities.

Boggs et al. (1990), Rehfeldt et al. (1989), and Molz et al. (1989) 
compare borehole flowmeter tests with alternative tests for measuring the 
spatial variations in hydraulic conductivity. The alternative methods 
include small-scale tracer tests, multilevel slug tests, laboratory 
permeameter tests, and empirical equations for calculating hydraulic 
conductivity from grain-size distributions. The researchers conclude
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Figure 1. Schematic of Horizontal Flow to a Well and the Profiles of the 
Cumulative Flow and the Calculated Hydraulic Conductivities



that the borehole flowmeter method is the most promising method for 
measuring the spatial variability in an aquifer's hydraulic conductivity 
field.

Although it has more potential than other methods for measuring the 
spatial variability of hydraulic conductivity, the borehole flowmeter 
method is not well established. Rehfeldt et al. (1989), Boggs et al. 
(1990), and Molz et al. (1989) provide the well equations with which to 
calculate hydraulic conductivity values; however, no group demonstrates 
the applicability of the well equations and/or the representativeness of 
the calculated hydraulic conductivity values. Additional ground-truthing 
of the method is needed.

The representativeness of the calculated hydraulic conductivity values 
depends on the susceptibility of the aquifer sediments to collapse, the 
zone of disturbance around a well, the method of well development, the 
heterogeneity in the aquifer's sediments, the reliability and resolution 
of the flowmeter, and the method of data analysis. This paper discusses 
the development of an EM flowmeter and the application of the EM 
flowmeter tests to a heterogeneous fluvial aquifer.

THE TEST SITE

The test site occupies 1 hectare of the TVA's Columbus Groundwater 
Research Test Site (Figure 2) on Columbus Air Force Base (CAFB). 
Figure 2 shows the location of 37 fully-screened wells across the site. 
The site is approximately 6 km east of the Tombigbee River and 2.5 km 
south of the Buttahatchee River. The aquifer is composed of 
approximately 11 meters of terrace deposits that primarily consist of 
poorly-sorted to well-sorted, sandy gravel and gravelly sand that often 
exists in irregular lenses and layers. Muto and Gunn (1986) indicate 
that the terrace aquifers in Columbus are composed of materials from 
braided streams and meandering rivers. The terrace deposits are 
uncomforniably underlain by Cretaceous Age Eutaw Formation consisting of 
marine clay, silt, and sand.

THE ELECTROMAGNETIC AND IMPELLER FLOWMETERS 

Bas.kgrQ.unri
For several decades, the petroleum industry has used impeller flowmeters 
to measure the distribution of flow into production wells. However, not 
until recently has a sufficiently small and sensitive impeller flowmeter 
been available for logging 5-cm OD groundwater wells. This impeller 
flowmeter is manufactured by Haferland Geophysical, Hanover, West
Germany. As part of the Electric Power Research Institute's (EPRI)
Macrodispersion Experiment (MADE) project with TVA, one of these impeller 
flowmeters was brought to the United States. This flowmeter has been 
used by TVA and MIT to log wells at the EPRI-MADE test site at CAFB
(Rehfeldt et al., 1989; Boggs et al., 1990) and by the United States
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Geological Survey (USGS) at its research facility at Cape Cod, 
Massachusetts (Hess, 1989).

From 1988 to 1989, TVA tried, without success, to purchase a second 
impeller flowmeter from Haferland Geophysical. As a result of the need 
for a borehole flowmeter for its United States Air Force bioreclamation 
project, its EPRI-MADE project, and its groundwater investigations at its 
plants, TVA developed an EM flowmeter. Between 1988 and 1990, TVA has 
compared the performance of the EM flowmeter to the impeller flowmeter.

Design of the Flowmeters

Figure 3 illustrates the major components of the Haferland Geophysical 
flowmeter. The flowmeter contains a lightweight impeller that spins in 
response to water moving vertically in the well. The impeller is kept 
aligned by two adjustable needles made of hardened steel. On the top of 
the impeller are 10 equally-spaced pins that fit into a circular groove 
in the shaft of the flowmeter. Situated on the inside and the outside of 
the groove are two pairs of optical sensors that record the movement of 
the pins attached to the impeller. The electronics attached to the 
optical sensors generate a square wave excitation at a frequency directly 
proportional to the rotation of the pins.

Figure k illustrates the major components of the TVA EM flowmeter. The 
flowmeter consists of an electromagnet and two electrodes (placed 180 
degrees apart) that are casted in a durable epoxy. The epoxy is molded 
to a cylindrical shape that minimizes the turbulence associated with 
channeling the water past the electrodes and electromagnets. The 
flowmeter has no moving parts. The flowmeter operates according to 
Faraday's Law of Induction, which states that the voltage induced by a
conductor moving at right angles through a magnetic field is directly
proportional to the velocity of the conductor through that field. The 
flowing water is the conductor, the electromagnet generates the magnetic 
field, and the electrodes measure the induced voltage. The electronics
attached to the electrodes will transmit a voltage that is directly
proportional to the velocity of the water.

Calibration of the Flowmeters

In July 1988, TVA used the impeller flowmeter for testing five wells at 
CAFB. The borehole flowmeter tests included both injecting water and 
pumping water from the wells. Figure 5 shows the pre- and the 
post-calibrations for upward flow. A difference of about 1.0 L/min 
exists between the two calibrations. The reason for the poor comparison 
is that the bearing needles became dull during the field tests. After 
the field tests, the bearing needles were resharpened. Subsequent tests 
of the impeller flowmeter, under laboratory controlled conditions, 
reproduced the shift in the calibration curve observed in Figure 5 (Young 
and Waldrop, 1989). Over a 2-year period, TVA has performed 
approximately 20 separate calibrations on the impeller borehole
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Figure 3. Schematic of Impeller Flowmeter

ELECTROMAGNETIC FLOWMETER

Figure A. Schematic of Electromagnetic 
Flowmeter



VO
LT

S 
VO

LT
S

FLOW (Umin)

Figure 5. Pre- and Post-Calibration for the Impeller Flowmeter

FLOW (L/min)

Figure 6. Pre- and Post-Calibration for the Electromagnetic 
Flowmeter



flowmeter. The calibration data indicates the following: (1) the
calibration curve for the flowmeter is sensitive to the condition of the 
bearing needles; (2) frequent maintenance and calibrations of the 
flowmeter are required; and, (3) the flowmeter does not accurately (10 
percent precision) measure flows below 5 L/min.

In November 1988, TVA completed a prototype EM flowmeter. Between 
November 1988 and March 1989, the flowmeter response was calibrated 
several times. The calibrations showed that the EM flowmeter 
consistently provided a linear response for discharges down to 0.10 
L/min. Figure 6 provides the pre- and post-calibration of the testing of 
37 wells in April 1989. The 5 percent difference in the calibration 
curves resulted from a change that occurred in the flowmeter's hand-wired 
circuitry during the fieldwork. Since April 1989, TVA has developed 
printed circuit boards for the EM flowmeter in order to reduce the 
possibility of shifts in the EM flowmeter's calibration curves.

The Effect of Turbulence on the Flowmeter's Performance

The turbulence and non-uniform flow caused by the transition of 
horizontal flow to vertical flow in the well may affect the response of a 
borehole flowmeter. A simple but very extreme test of this effect was
conducted with both flowmeters. The test set-up included recirculating 
about 8 L/min through a 5-cm OD pipe by injecting water through a
horizontal opening and withdrawing the water 53 cm above the opening from 
another horizontal opening. The test included taking flowmeter
measurements at locations below, at, and above the injection location of 
the water. As the flowmeter is raised past the inflow, the meter
obstructs the pathway of the injected water. During this obstruction, 
some of the inflow may be diverted downward and return as upward *'?.r»w on 
the other side of the pipe. Figure 7 provides the test results.

Figure 7 shows that both the impeller and the EM flowmeter may provide 
misleading results in the vicinity of high horizontal inflows. These 
misleading results occur because the meter partially redirects the inflow 
and is sensitive to turbulence and/or non-uniform flow. The test results
show a well-behaved response and a somewhat erratic response for the EM
flowmeter and the impeller flowmeter, respectively. The impeller 
flowmeter's oscillatory response is attributed to eddies that produce 
spiral flows that contribute to rotating the impeller. An implication of 
these results is that the flow measurements near zones of relatively high 
transmissivity or numerous fractures will have more uncertainty
associated with them than the other flow measurements.

Comparison of Flow Profiles

In April 1989 and July 1990, several wells were logged with the EM 
flowmeter and then immediately with the impeller meter to investigate the 
differences between the two measurements. Well locations were selected 
where distinct zones of high and low groundwater exist. Figure 8 shows
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the flow distributions measured by each flowmeter at four well 
locations. At wells 19 and 29, the flow profiles are similar. However, 
at wells 26 and 28, two flow profiles have large differences. At several 
depth locations, the impeller meter indicates slightly negative 
incremental flows whereas the EM flowmeter indicates a flow above 2 
L/min. Given the results in Figures 7 and 8 and the absence of negative 
flow increments for the EM flowmeter, it appears that the EM flowmeter 
provides more representative flow measurements than the impeller meter in 
regions of turbulent flow.

Final Evaluation

In the laboratory and field tests, the EM flowmeter performed better than 
the impeller meter with respect to precision, accuracy, and durability. 
One of the main advantages of the EM flowmeter is the range of flows for 
which the meter provides accuracy, and precision makes it well suited for 
aquifers with large variability in its hydraulic properties. Another 
attractive feature of the EM prototype flowmeter is durability. The 
meter has no moving parts, which may suffer Irom everyday wear and tear; 
and no adjustable parts, which may affect the calibration. The EM 
flowmeter also has no parts that can corrode or react with solutes in the 
groundwater.

CALCULATING THE DEPTH-AVERAGED HYDRAULIC CONDUCTIVITY

Numerous researchers (Rehfeldt, et al., 1989; Molz, et al., 1989; Morin 
et al., 1988, and Boggs et al., 1990) have used the Cooper-Jacob equation 
(1946) to calculate the hydraulic conductivity profile from borehole 
flowmeter data. Given the assumption of strictly horizontal flow within 
the designated layers, Equation 1 is the form of the Cooper-Jacob 
equation applicable for the analysis of borehole flowmeter data. In 
order to solve for for each layer, an assumption is required about 
the relationship between the transmissivity, T, and the storage 
coefficient, S, in the aquifer. One assumption is that the storage 
coefficient and the transmissivity vary so that each aquifer layer has 
the same diffusivity (see Rehfeldt et al., 1989). This assumption leads 
to Equation 2.

1/2
K. In

rw
(1)

b ir s. z.
In ,2.25 K B t

i l



where :
Kj = hydraulic conductivity for layer i 

s thickness of layer i 
= flow to (or from) layer i 
= storage coefficient for layer i 

rw = effective radius of well 
t^ = elapsed time 
S£ = drawdown in layer i
K = depth-averaged hydraulic conductivity 
B = total thickness of saturated aquifer

Before using Equation 2, one should review the results of the
two-dimensional numerical groundwater simulations by Javandel and
Witherspoon (1969). Javandel and Witherspoon (1969) show that for an 
idealized, layered aquifer with a constant storage coefficient and with 
large variations in the hydraulic conductivity of each layer, the flow to 
a well bore rapidly becomes horizontal because of cross flow between the 
layers. Neglecting the effects of well headlosses, the numerical results 
produce the same results as Equation 2; namely, the incremental discharge 
for any layer i (i.e., qj) is directly proportional to the
transmissivity of the layer. The reason that Equation 2 and the 
numerical simulations, at late times, lead to the same relationship is 
that the constant diffusivity in the analytical solution and the cross 
flow in the numerical solution produce the same result; namely, each 
aquifer layer has the same radius-of-influence.

In the analysis of the borehole flowmeter data, a direct solution and a 
modified solution to Equation 2 was used. Both of these solutions 
include the effects of well headlosses and different water temperatures. 
The difference between the two solutions is that one solution has a 
transmissivity calculated from the Cooper-Jacob equation and the other 
solution has a transmissivity calculated from the Cooper-Jacob 
straight-line equation (Cooper and Jacob, 1946). The Cooper-Jacob 
straight-line equation (see Equation 3) is derived from the Cooper-Jacob 
equation by differentiating with respect to time.

T = ---2*30— Q--- /o)
4ir3s/8(log t)

The advantage of the Cooper-Jacob equation is that only one measurement 
of drawdown is needed to iteratively solve for a transmissivity. The
disadvantage of the Cooper-Jacob equation is that one must assume a value 
of the effective well radius, the storage coefficient, and negligible
skin effects. The advantage of the Cooper-Jacob straight-line equation 
is that no assumptions are required about the values of the storage
coefficient, the effective radius, and negligible skin effects. The 
disadvantage of the Cooper-Jacob straight-line equation is that one needs 
continuous measurements of the drawdown. However, this disadvantage can 
be easily overcome by using a pressure transducer coupled to an
electronic data logger.



Statistical Comparison of the Transmissivities From Cooper-Jacob Equation 
and the Cooper-Jacob Straight-Line. Equation

A series of single-well pump tests were conducted to collect 
time-drawdown data for all 37 wells at targeted high (60 L/min), moderate 
(30 L/min), and low (15 L/min) pumping rates. Each test lasted 
approximately 20 minutes. A total of 114 pump tests were conducted at 
the 37 wells. Figure 9 shows a semi-logrithmic plot of the drawdown in 
well 16 during a constant pumping rate of 46 L/min. Important features 
of the plot are that the total drawdown is 0.52 meters at 1200 seconds 
and after 50 seconds the slope of the drawdown curve remains relatively 
constant at 0.146. For this pump test, the Cooper-Jacob straight-line 
equation estimates a transmissivity of 32 cm2/s. By comparison, the 
Cooper-Jacob equation estimates transmissivity of 12.5 for an assumed 
well radius of 3 cm and a storage coefficient of 0.1.

For each of the 114 pump tests, transmissivity values were calculated 
with the Cooper-Jacob equation and the Cooper-Jacob straight-line 
equation. Figure 10 shows the distribution of the ratios for the 
transmissivities calculated by the Cooper-Jacob equation and the 
Cooper-Jacob straight--.,, ine equation. Figure 8 shows that the 
Cooper-Jacob equation frequently leads to transmissivity values that are 
an order of magnitude less than the transmissivity values calculated from 
the Cooper-Jacob straight-line equation. This type of trend can be 
attributed to a negative skin effect at the wells.

Figure 10 shows comparisons for a storage coefficient of 0.1 and 0.00001 
because this was the range of 95 percent of the storage coefficients 
calculated from the numerous multi-well aquifer tests at the test site 
(Young et al., 1990). The wide range in the storage coefficient values 
introduces a large uncertainty into the transmissivities calculated from 
the Cooper-Jacob equation. For many of the 114 drawdown curves, a 
four-order magnitude change in the storage coefficient values produce 
changes of at least 100 percent in the calculated transmissivities.

Comparison of Transmissivities from Different Types of Pump Tests

In addition to the series pumping tests, slug tests were conducted at 
each of the 37 wells and three large-scale aquifer tests were conducted. 
The slug tests include an instantaneous injection of 23 liters. The data 
was analyzed with a computer program by Thompson (1987). Each 
large-scale aquifer test includes pumping the center well (well 5) for 
about 6 days and monitoring the drawdown in all 37 wells. Young et al., 
(1990) describes the field set-up and the data analyses for the 
large-scale tracer tests. Table 1 presents the results of the calculated 
average transmissivities for the different tests.
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TABLE 1

Comparison of Different Transmissivity Values 

Transmissivity (cm2/s)

Mean
Standard
Deviation

Aquifer Test 1 37 7
Aquifer Test 2 32 9
Aquifer Test 3 33 13
Pump Tests (High-rate)* 38 20
Pump Tests (Low-Rate)* 75 97
Slug Tests 4 2
Pump Tests (Low-Rate)* 8 7
Pump Tests (Low-Rate)^ 11 10
Pump Tests (Low-Rate)^ 15 13

^Determined by the Cooper-Jacob straight-line equation
^■Determined by the Cooper-Jacob equation with S = 0.1
^Determined by the Cooper-Jacob equation with S = 0.001
^Determined by the Cooper-Jacob equation with S = 0.00001

Table 1 shows that the large-scale aquifer tests indicate that the
average transmissivity of the aquifer is between 30 and 40 cm2/s.
The difference between the average transmissivity value for the two sets 
of pump tests is attributed to their different cone-of-depressions. 
Because it has the larger cone-of-depression, the high-rate pump test
provides a better estimate than the low-rate pump tests of the averaged 
transmissivity at the regional scale. Similarly, because it has the 
smaller cone-of-depression, the low-rate pump test provides a better
estimate than the high-rate pump test of the averaged transmissivity at 
the local scale.

The very low averaged transmissivity values from the slug tests and from 
the Cooper-Jacob equation indicates that skin effects exists. The 
importance of ignoring skin effects is illustrated by comparing the 
average hydraulic conductivity from the large-scale aquifer tests to the 
geometric means calculated from the borehole flowmeter data. Based on 
the analysis of three-dimensional groundwater flow through heterogeneous 
aquifers using Monte Carlo techniques, Warren and Price (1961) state: 
"The most probable behavior of a heterogeneous system approaches that of 
a homogeneous system with a (hydraulic conductivity) equal to the 
geometric mean of the individual (hydraulic conductivities)." Given the 
saturated aquifer thickness is about 8 meters, the average hydraulic 
conductivity of the aquifer based on the large-scale aquifer test is 
approximately 0.043 cm/s. Table 2 provides the geometric mean for the 
different sets of hydraulic conductivity values produced from the 
borehole flowmeter and alternative methods for calculating the 
transmissivity. Only for the Cooper-Jacob straight-line equation does 
the geometric mean of the individual hydraulic conductivity values



compare favorably with the estimated average hydraulic conductivities 
calculated from the large-scale tracer tests.

TABLE 2

The Geometric Mean of the Borehole Flowmeter Hydraulic 
Conductivity Values For the Low-Rate Pumping Tests

Hydraulic Conductivity 
(cm/s)

Arithmetic Geometric Variance
Average Average of InK

Pump Tests* 0.261 0.032 4.7
Pump Tests (S=0.1 )** 0.021 0.004 4.2
Pump Tests (S=0.001)** 0.038 0.006 4.1
Pump Tests (S=.00001)** 0.043 0.008 4.1

*Cooper-Jacob straight-line equation 
**Cooper-Jacob equation

Mapping of a Former River Channel

Aerial photographs of Columbus, Mississippi, and vicinity show outlines 
of numerous ox bows (Young, 1990a). Figure 11 shows an ox bow in the 
test site. An examination of the geological and soil information at the 
test site supports the hypothesis that the test site includes portions of 
a river channel and a point bar. Figure 12 shows areal cross sections of 
depth-averaged hydraulic conductivities over 2-meter thick aquifer 
intervals. The hydraulic conductivity data set used to generate 
Figure 12 is based on the Cooper-Jacob straight-line equation of the 
low-rate pumping tests. At the depth interval from 60 to 62 m MSL, the 
band of high hydraulic conductivity is attributed to the gravels 
deposited in the former river channel.

Because the regional hydraulic properties of the aquifer change with 
distance, the calculated transmissivity at a well location should be
sensitive to the pumping rate which affects the dimensions of the
cone-of-depression. The analysis of the series of pump tests at each 
well with the Cooper-Jacob straight-line equation shows different 
relationships between the pumping rate and the calculated transmissivity 
for each well location. At some well locations (2, 18, 19, 16, 28, 37, 
and 26), the calculated transmissivities decreased over an order of
magnitude when the pumping rate was increased. At other wells (A, 36, 8,
and 34), the calculated transmissivities increased more than an order of 
magnitude when the pumping rate was increased. At the remaining wells, 
the pumping rate lead to changes in the calculated transmissivities less 
than one order of magnitude.



Figure 11. Ox Bow at the CAFB Test Site as Shown in a 1956 
Aerial Photograph
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Figure 13 shows that by collectively interpreting the trends in the
calculated transmissivities at the well locations, zones of inferred low 
and high transmissivity can be mapped. The zone of inferred high 
transmissivity corresponds favorably to the location of river channel in 
Figure 11 and the high transmissivity zone in Figure 12. The zone of 
inferred low transmissivity corresponds favorably to the location of the
point bar in Figure 11 and the low transmissivity zone in Figure 12. The
correctness of the inferred zones of high and low transmissivity
indicates that the trends in the calculated transmissivity values at the 
well locations are real.

Figure 14 shows that when the Cooper-Jacob equation is used to analyze a 
series of pump tests at a well, the trends produced by the Cooper-Jacob 
straight-line equation transmissivity values are absent, not 
well-defined, or reversed. The failure of the Cooper-Jacob equation to 
capture the sensitivity of the calculated transmissivity to the pumping 
rate is attributed to skin effects. At the wells, the skin effects have 
such a large effect on the total amount of drawdown during a 20-minute 
test that the effects of aquifer material properties away from the well 
are masked.

Final Evaluation

The comparison between the Cooper-Jacob equation and the Cooper-Jacob 
straight-line equation shows that they lead to transmissivity values that 
are often orders of magnitude different. This difference is attributed 
to negative skin effects at the wells. Direct evidence of negative skin 
effects is the relatively low values of transmissivity calculated for the 
slug tests. Indirect evidence of skin effects is that the 
transmissivities calculated from the Cooper-Jacob equations are 
relatively insensitive to changes in the pumping rate and lead to a 
geometric mean for the hydraulic conductivities that is significantly 
less than the average hydraulic conductivity of the aquifer calculated 
from large-scale aquifer tests.

Besides skin effects, another problem with applying the Cooper-Jacob
equation is the selection of a storage coefficient. At CAFB, the
analysis of numerous multi-well aquifer tests has shown that the
calculated storage coefficient range from 10“1 to 10~5 (Young et
al., 1990). This four order magnitude range leads to about a 100 percent 
uncertainty in the transmissivities based on the Cooper-Jacob equation.

Although additional ground-truthing is needed, the transmissivities 
calculated from the Cooper-Jacob straight-line equation appear 
reasonable. Indirect evidence for this conclusion includes: (1) the
trends in the calculated transmissivity for the different pump tests at 
the 37 wells are consistent with the known geological and hydraulic 
structure of the test site; and (2) the geometric mean of the flowmeter 
hydraulic conductivity values compare favorably with the average
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hydraulic conductivity of the aquifer calculated from large-scale aquifer 
tests.

RESULTS OF TWO-WELL TRACER TESTS

To validate the results of the borehole flowmeter hydraulic conductivity 
values based on the Cooper-Jacob straight-line equation, numerous tracer 
tests were conducted at the test site. All of the tests were closed-loop 
recirculating tests with one injection well and between 1 to k withdrawal 
wells. Several of the tracer tests were designed to monitor the 
migration of a tracer slug through the zone of highest hydraulic
conductivity between the injection and the withdrawal well. For these
tracer tests, it was assumed that the time to reach the peak
concentration at the withdrawal well represented the passing of the
midpoint of the tracer slug. With this assumption, Equation U could be 
used to calculate the average hydraulic conductivity in the zone of 
tracer movement.

t * J P
where :

K = average hydraulic conductivity (L/T)
R = interwell distance (L)
tp = time of peak tracer concentration (T)
n = effective porosity (set to 0.3)
J = hydraulic gradient (-)

Young (1990b) presents a detailed discussion of all the tracer tests. 
For the purpose of this paper, only those tracer tests with interwell 
distances between 3 and 6.5 meters are shown. For each tracer test, 
Figure 15 shows the hydraulic conductivity values calculated at the 
elevation of the tracer test from the borehole flowmeter data and the 
hydraulic conductivity calculated from the tracer test data. Figure 15 
shows good agreement between the two sets of hydraulic conductivity 
values. In most cases, the tracer test hydraulic conductivity value is 
within a factor of two of the hydraulic conductivity value at the 
withdrawal well. This agreement is very encouraging given the 
heterogeneous nature of the aquifer which is shown by the differences in 
the hydraulic conductivity values at the injection and the withdrawal 
wells.

CONCLUSIONS

The electromagnetic (EM) borehole flowmeter offers several advantages 
over the Haferland impeller flowmeter. These advantages include a 
detection limit of 0.1 L/min and a durable construction. The EM 
flowmeter was used to characterize the three-dimensional hydraulic 
conductivity field across a 1-hectare test site in a heterogeneous 
aquifer. An important aspect of the data analysis is determining the 
transmissivity from the time-drawdown curves. Order of magnitude
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differences were observed in the transmissivity values calculated with 
the Cooper-Jacob equation and the Cooper-Jacob straight-line equation. 
Based on geological information, large-scale aquifer tests, slug tests, 
and numerous single well tests, the Cooper-Jacob straight-line equation 
was selected for calculating transmissivity values. The accuracy of the 
hydraulic conductivity values calculated from the EM flowmeter data is 
demonstrated with results from the large-scale aquifer tests, a 
geological investigations and 10 small-scale tracer tests.
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