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ABSTRACT

The paper describes development of groundwater
flowmeter, which measures both velocity and flowing
direction with a single borehole. The information about
groundwater velocity is important in order to estimate heat
transfer rates from the flowing groundwater to heat
exchangers buried in the ground. In fact it can be shown
that the heat transfer rate is proportiona to a square root of
groundwater velocity. The developed probe makes use of
steady state temperature patterns around a small cylindrical
heat source, which makes the present technique unique
comparing with other proposed or existing methods.
Calibration tests prove that the probe can detect the
horizontal water velocity as low as 0.001mm/s, and as high
as Imm/s. The field tests also show a good capability of the
present measurement system for detecting groundwater
velocity and flowing direction with a single borehole.

1. INTRODUCTION

Groundwater has a notable nature such as it has a constant
temperature throughout a year, whose value is about the

same as the average atmospheric temperature at the location.

This means that the groundwater can be a good heat source
when it is wintertime, where the temperature is usualy well
below 5 degrees in Celsius. On the other hand, the average
temperature during summertime is above 28 degrees in
Celsius in the most part of Japan, whereas the groundwater
gtill has about the same temperature as it is in winter.
Therefore, it can be used as a cold reservoir, into which the
heat from air conditioners at buildings is disposed, eg.
Hyden(1985), Aldwel et a.(1985) and Ochifuji (2002).

In order to make use of groundwater as a hot or cold
reservoir, there are severa problems to be solved. Among
others, and most importantly it is the information about
flow direction and velocity of groundwater. Various types
of ground heat exchanger, such as U-tube and coaxial
double tube, e.g. Morita & Matsubayashi (1985), Morita &
Tago (2000) and Fujii (2002), are used to collect and
dispose hesat in the saturated aquifer. But their ability and
efficiency as heat exchanger realy depends on thermo-
physical properties of the aquifer at site and the flowing
velocity of groundwater there, eg. Kimura (1988) and
Kimura et a. (1988). Particularly the latter imposes a
significant influence on the heat transfer efficiency between

the groundwater and the outer surface of heat exchanger, i.e.

heat transfer coefficient, since the amount of heat
transferred is proportional to a square root of the water
velocity if the velocity is relatively large and the
temperature difference between them is kept constant, as
demonstrated by Kimura (1988).

There are several ways to measure the groundwater velocity
and the flowing directions. One way to do that isto measure
the dope of water table by observing the depths of water
surfaces in severa boreholes. Once one knows the slope,
the flowing direction and its velocity may be estimated
based on the Darcy’s law. Another common way is to throw
tracer, typicaly salty water, into one borehole and to
measure the time for the tracer to arrive a one of the
boreholes surrounding it, which is a more or less direct way
to determine the velocity, e.g. Drost et a. (1968). But these
classical methods necessarily require at least two
observation wells, where the well-drilling is the most
expensive and time-consuming element in the whole
measurement works.

In order to reduce the cost and time required for the
measurement of flowing velocity and direction, severa
methods by a single borehole have been proposed. They
may be categorized into three different types. The first is to
release a chemical tracer, typically distilled water or salty
water within a particular position in the borehole, and to
detect the concentration variation in space and time
thereafter, e.g. Komatsuda et a. (1990). The second is to
use naturally contained small particles in the water as the
tracer without any seeding and opticaly traces the
movement of those particles, e.g. Momii et al. (1993). The
second one has an advantage over the first, because one can
avoid any buoyancy effect generated by seeded water body
of high concentrations. The third one is to use heat as the
tracer, e.g. Hess & Paillet (1990). Since heat diffuses much
faster than chemical spices do, it is suiteble only for
measuring relatively large velocities.

In this paper we describe about the newly developed
groundwater velocimeter using a single borehole. Although
the velocimeter uses a temperature field as an indicator of
flowing velocity and direction, it is conceptually different
from the conventional method, in which the heat released
from the source in the borehole is used as a tracer of flow.
The idea to use the heat as a tracer is not very appropriate,
because the velocity is generally very small in the aquifer,
and often the heat diffuses much faster than the water
moves. Instead, the proposed method makes use of the
steady dtate temperature field produced by mixed
convection, and does not use the ever-changing thermally
disturbed condition in time, i.e. atransient temperature field
for tracing the water flows. This enables us to measure a
wide range of velocities from less than 0.001mm/s to over
1mm/s. We report here that the basic idea of the proposed
groundwater velocimeter, numerica validation of this idea,
design and construction of flow meter, and its calibration
procedure.
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2. SINGLE-BOREHOLE FLOW METER AND
NUMERICAL VALIDATION

2.1 A Proposed Method of Single-Borehole Flow M eter

A basic idea of single-borehole flow meter, which measures
both velocity and direction of groundwater, is illustrated in
Fig.1. Wefirst assume that a heated cylinder of finite length
is positioned vertically in a uniform porous medium with an
infinite extent, and then consider about the steady state
temperature field surrounding the cylinder. If there is no
lateral flow (horizontal perpendicular to the cylinder),
natural convection is dominant and the temperature field
becomes axisymmetric. Therefore, the temperature detected
at an arbitrary height and radial position should have the
same vaue. However, if there is lateral flow, the
temperatures at a fixed height and radia position in the
upstream direction have smaller values than those at the
same height and radial position in the down stream
direction. This is due to mixed convection taking place
around the cylinder. The rising water heated by the cylinder
is washed away by incoming cold water in the region facing
to the flow, and the therma boundary layer there becomes
thinner. On the other hand, the heated water carried to the
region behind the cylinder creates a relatively large area of
high temperature, which resembles to a long tail stretching
from the cylinder. This convective process produces non
axisymmetric temperature field. Furthermore, the deviation
from the axisymmetric temperature distribution becomes
greater when the velocity of lateral flow is large, and vice
versa. This implies that the measurement of the
temperatures around the cylinder can determine the strength
of incoming lateral flow. At the same time, identifying the
thinnest or thickest therma boundary layer about the
cylinder, it is possible to determine the direction of flow.
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Thermistors

Figure 1. Temperature profile about a heated cylinder
subject to lateral flow

2.2 Mathematical Formulation and Numerical
Validation

In order to simulate mixed convection about the vertica
heated cylinder, we assume that the flow in a fluid-saturated
porous medium is governed by Darcy’s law, and that the
saturated fluid and the porous matrix are in a thermally-
equilibrium state. Making use of the continuity equation of
the saturated fluid enables us to derive a single equation on
pressure field for the flow field. The nondimensional form
of the pressure equation is given by
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The nondimensional energy equation is given by
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The Ra, Pe and y is the Rayleigh number, the Peclet

number and the therma capacity ratio of the saturated
porous medium to the saturating fluid.
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The boundary conditions are adiabatic and impermesble on
the top and the bottom, and the uniform incoming flow with
a constant temperature and potential flow conditions for the
velocity and the pressure on the circumferential boundary.
The cylinder surface is impermesable, and it has either a
constant temperature or a uniform heat flux. The governing
equations (1) and (2) are solved using finite differences. A
number of grid points employed are 20x 20x 20 in the
respective coordinate directions. The non-uniform grid
spacing is used, and fine grids are concentrated near the
cylinder surface, where the steep temperature gradient is
expected.

The code validation test was performed for forced
convection, where the boundary layer solution for the heat
transfer coefficient is available at high Peclet numbers.
Figure 1 compares the present numerical results with the
boundary layer solution for nondimensiona heat transfer
coefficient, the Nusselt number. As it is seen from the
figure that the agreement is extremely good, particularly
when the Peclet number is greater than one.

—— Boundary LayerTheory 4 Numeria

10

01
01 1 10 100 1000

Pe

Figure 2. Comparison between numerical resultsand
the boundary layer solution of the aver age Nusselt
number for forced convection

Velocity fields are produced to various combinations of
Peclet number and the Rayleigh number. The Peclet
numbers are varied from 0.01 to 100. The Rayleigh number
is varied from 0.1 to 2000. The ratios of the Rayleigh
number to the Peclet number are in the range of 0.1 and 20.
Since our primary objectiveisto find the deformation of the
temperature field around the heated cylinder when the
horizontal flow is specified. In Figure 2 we show the
normalized temperature deviation relative to the mean
temperature rise, as defined by equations.(4), (5) and (6),
against the Peclet number reflecting the horizontal velocity
strength.
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Figure 3. Temperaturefield deviations at the mid-height
of the cylinder and r=2 as a function of Peclet number

3. DESIGN OF FLOWMETER

A picture of the flowmeter constructed is shown in Fig. 4.
The length is 500mm and the diameter is 35mm. The flow
detection takes place in a lower part of the probe, whose
length is about 80mm, and covered by a permeable metal
sheet with alarge number of small holes. This part houses a
cylindrical heater in the center, and 16 temperature sensors
(thermistors) around it. The thermistors can detect the
temperature changes as small as 0.01 degreein Celsius. The
vacant space in the housing is filled with 0.4mm glass
beads. A sketch of inner structure of this part is shown in
Fig. 5. In case of measurement, the entire probe will be
submerged below the water surface and held in the borehole,
which is consist of a slotted casing pipe.
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Figure 4. Photograph of flowmeter and enlarged picture
of flow detecting part

In general, if the diameter of the flowmeter islarger, we can
make it more sensitive to the lateral water flows. The more
distance we take from the heat source, the more sensitive
the temperatures to the incoming flow. Therefore, it will
enable us to measure the slightest velocity of water. The
lateral water flow mainly distorts the shape of thermal
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boundary layer around the cylinder, i.e. the outer edge of
thermally affected region. However, we found that it is a
frequent demand to use boreholes with the inner diameter
about 4cm in the field. Our probe diameter is determined in
order to meet this specification from more or less practical
point of view.
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Figure5. Inner structure of flow detecting part in the
flowmeter

4. CALIBRATION WATER TANK

We constructed a calibration water tank to simulate
groundwater flows. The tank is 2m long and has a
0.6mx 0.6m cross sectiond area. It has two water chambers
at the respective ends, and the difference between their
pressure heads drives a uniform flow in the sand-filled tank.
The Darcy velocity in the tank can be varies from
0.0001mmy/s to ImmV/'s by carefully controlling the chamber
pressures. The average size of the sand filling the tank has
an equivalent diameter of 0.4mm. Water flow rate is
measured by a magnetic flowmeter when the velocity is
large, while the overflow volume of water in a specific time
interval is used for the small velocities
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Figure 6. Calibration system

The entire water tank is mounted on the stedl structure, as it
is seen from Fig.6 and Fig.7. Under the sand-filled

calibration tank, a water tank whose capacity is about 1 m®
is placed. The circulating water is supplied from there to the
upstream chamber of the calibration tank, via an electrically
operating pump system. Two different pumps of different
capacities are used depending on the needed flow rates.

Before we carry out any caibration, the whole calibration
system was put in a thermally equilibrium condition. This
can be done by leaving the system under operation in a air-
conditioned room for at least one day.
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Figure 7. Photograph of calibration system

5.CALIBRATION RESULTS

5.1 Calibration Curvefor Directly Stuck in the Sand

First, we calibrate the flowmeter probe when it is stuck
directly in the water-saturated sand. The constant and
uniform horizontal flow is realized in the calibration tank
by imposing the differential pressure across the sand layer.

The measured Darcy velocity is found in the range of 10°

cm/s and 10 "cm/s. A steady state of temperature field is
reached within 15 to 20 minutes. Large velocities require
less time before it becomes a steady state. Thisis due to the
fact that fast flow disperses heat much more quickly than
the slow flow does.

Fig.8 shows the temperature deviation calculated by
equations (4), (5) and (6). When the Darcy velocity is
within a range of 2x10™* cm/s and 102 cmis, a strong

correlation with a positive slope is found, which can be well
described by equation (7).

0.86
T = 613U (7)

Solving the above equation for the unknown velocity U, we
find the formula to determine the horizontal velocity from
the measured temperature field within the probe.

1.16
U= (Ldev J ®
6133

However, the correlation between the temperature deviation
and the Darcy velocity becomes weaker, as the velocity

exceeds U =10 2cmis .

In order to extend the capability of the present method, we
examined the average temperature rise dictated by the
sixteen thermistors around the heated cylinder at the steady

state. The average temperature rises AT, are plotted against

the Darcy velocities. It is observed clearly that another
strong correlation is present as the velocity exceeds

U =10 2cms. This occurs, because the thermal boundary
layer (thermally affected region) formed around the
cylinder becomes thinner for large latera velocities. The
correlation between the average temperature rise and the
Darcy velocity is expressed by

0.84
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Solving the above equation for U, we similarly obtain the
following expression.
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Figure 8. Temperature deviation as a function of
velocity for directly stuck in the sand
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Figure 9. Average temperaturerise asa function of
velocity for directly stuck in the sand

5.2 Calibration Curvefor Inserting in the Casing Pipe

In practice, the observation borehole is often enforced by
permeable casing pipes, preventing from corruption of
drilled bore. If there is an open space between the casing
pipe and the positioned probe in the borehole, the
groundwater flows mainly through this gap and does not go
into the probe, which results in measuring smaller velocities.
Therefore, it is essential to fill this space with some porous
material. We choose glass wool for this purpose, sinceit is
deformable and easy to fill the open space of arbitrary size.
The casing pipe has inner diameter of 40mm. The obtained
correlation curve is expressed by equation (11) and shown
in Fig.10.

0.85
T =18.5U (11)

An additional flow resistance caused by the casing pipe and
the filling materia is responsible for lowering the value of
the temperature deviation. The casing pipe used for the
present calibration has a 10% open area in the pipe wall
with many horizontal slots. The pipe of different open area
will result in adifferent correlation curve.
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Figure 10. Temperatur e deviation as a function of
velocity when the probe is held in the casing pipe

6. CONCLUTION

We reviewed some of the aspect of groundwater flowmeter
using a single borehole in this paper. A new method to
measure both flowing velocity and direction of groundwater
using a single borehole has been proposed. The method
utilizes a temperature field as an indicator, which is
produced by mixed convection around a verticaly
positioned heated cylinder. A series of numerical
caculations have been conducted in order to test the
proposed idea. A strong correlation between the velocity
and the temperature deviation is found for simplified
boundary conditions. The deviation is caused by a
temperature distortion due to the presence of lateral flow.

A flowmeter probe of 35mm in diameter has been built
based on the proposed idea. We have been calibrated the
probe using a sand-filled water tank over a velocity range of

U=10"cm/s toU =10" cm/s. A strong correlation
between the velocity and the temperature deviation is found

in the velocity range 210 *cm/s<U<10"cms for this
particular probe. In the course of calibration, a realistic
condition to hold the probe in the borehole has been also
simulated in the laboratory and proved its applicability in
thefield.

NOMENCLATURE

g m/ s?] gravitational acceleration

K[ m? ] permesbility of porous medium

P[] dimensionless pressure

r[-] radia coordinate; r*/R

R[mM] cylinder radius

T[K] temperature

t [-] dimensionlesstime

U[nv/s] Darcy velocity in horizontal direction
VI[] dimensionless velocity

V [m/s] uniform velocity at far field

7] vertical coordinate; z*/R

o [mPis] thermal diffusivity

BIK™] thermal expansion coefficient

v [ thermal capacity ratio of saturated

porous medium to the saturating fluid;
(pC) iy 1(PC) ¢
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V[m?is] kinematic viscosity

Subscripts and Superscripts

w heated cylinder wall
oo far field condition

* dimensional quantity
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