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Abstract An approach is presented to determine groundwater flow in unconsolidated aquifers with

a heat pulse response test using a heating cable and a fiber-optic cable. The cables are installed together
using direct push so that the cables are in direct contact with the aquifer. The temperature response is
measured for multiple days along the fiber-optic cable with Distributed Temperature Sensing (DTS). The
new approach fits a two-dimensional analytical solution to the temperature measurements, so that the
specific discharge can be estimated without knowledge of the position of the fiber-optic cable relative to
the heating cable. Two case studies are presented. The first case study is at a managed aquifer recharge
system where fiber-optic cables are inserted 15 m deep at various locations to test the fitting procedure.
Similar and relatively large specific discharges are found at the different locations with little vertical
variation (0.4-0.6 m/day). The second case study is at a polder, where the water level is maintained 2 m
below the surrounding lakes, resulting in significant groundwater flow. The heating and fiber-optic cables
are inserted to a depth of 45 m. The specific discharge varies 0.07-0.1 m/day and is significantly larger in
a thin layer at 30-m depth. It is shown with numerical experiments that the estimated specific discharge is
smoother than in reality due to vertical conduction, but the peak specific discharge is estimated correctly
for layers thicker than ~1.5 m.

1. Introduction

The calibration of groundwater models requires measurements of both head and flow. While head can be
measured directly, flow can only be measured either when it enters or exits the aquifer (e.g., wells, seepage
meters, and river discharge), or indirectly with tracers (e.g., solutes and heat) or a variety of geophysical
techniques. In this paper, the specific discharge is estimated from a heat pulse response test using a heating
cable and a fiber-optic cable that are installed together with direct-push equipment to a depth of tens of
meters. The temperature response is measured along the fiber-optic cable with Distributed Temperature
Sensing (DTS) from which the specific discharge is estimated without knowledge of the position of the
fiber-optic cable relative to the heating cable.

The use of heat as a tracer has increased over the past decades (e.g., Anderson, 2005; Saar, 2011). Pioneer-
ing work on the use of heat as a tracer started in the 1960s with determining groundwater recharge from
annual temperature fluctuations at the surface (Bredehoeft & Papadopulos, 1965; Stallman, 1965; Suzuki,
1960), which was extended to the basin scale by Cartwright (1970) and Domenico and Palciauskas (1973).
Somogyvari and Bayer (2017) applied inversion algorithms from seismic tomography to a thermal tracer test
to reveal aquifer features between two shallow wells. In the 1990s probes were developed with a needle-like
heater and thermocouple to determine thermal properties of soil samples (e.g., Ren et al., 1999). Later
on, these probes were used to estimate groundwater flow (e.g., Banks et al., 2018; Greswell et al., 2009;
Ren et al., 2000). The exact distance between the heater and thermocouple proved to be a large source for
errors (Greswell et al., 2009; Kluitenberg et al., 1995), which limits its practical use to small scale measure-
ments. Thermal response tests were also used in other fields, for example, to measure wind speeds (Sayde
et al., 2015).
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Figure 1. (a) Example of a temperature response 1 cm downstream (blue crosses) and 1 cm upstream (orange
diamonds) of the heat source using the mean parameter values in Table 2 and g = 0.5 m/day. (b) Nondimensionalized
form of the temperature response shown in Figure la.

Groundwater flow can also be estimated from characteristic thermal signatures on a borehole temperature
log using naturally occurring temperature gradients (e.g., Drury et al., 1984; Reiter, 2001; Trainer, 1968). The
use of DTS adds great detail to thermal response measurements in boreholes; a review of several applications
is given in Bense et al. (2016). Layering of the subsurface can be characterized when the borehole is heated
(e.g., Leaf et al., 2012). Fractures in bedrock can be identified by temporary sealing parts of the borehole
(e.g., Coleman et al., 2015). Read et al. (2014) actively heated a fiber-optic cable to estimate the vertical flow
in a well. Thermal response tests are also regularly applied in the field of geothermal energy to quantify the
horizontal groundwater flow, which significantly affects the performance of geothermal systems (Chiasson
et al., 2000). The performance of ground-coupled heat pumps can be assessed in aquifers with significant
groundwater flow by idealizing the borehole as infinitely thin and neglecting vertical heat transfer (e.g.,
Diao et al., 2004; Wagner et al., 2013, 2014). The findings of Diao et al. (2004) were used by Selker and Selker
(2018), who presented a method to estimate the vertical variation in the horizontal specific discharge from
the thermal response measured in a grouted borehole.

The use of a heating cable in a borehole introduces four additional challenges when estimating groundwater
flow. First, large temperature gradients in a borehole may result in vertical flow in the borehole (e.g., Drury
et al., 1984). Second, permeable layers are cross-connected vertically via open boreholes and filter beds (e.g.,
Coleman et al., 2015; Pehme et al., 2007, 2010). Third, the filter and the filter pack affect the horizontal
streamlines (Drost et al., 1968). Fourth, the exact positions of the heating cable and temperature sensors in
the borehole are difficult to determine at depth, while they greatly influence the estimates of the thermal
properties (Moscoso Lembcke et al., 2015).

The use of boreholes may be avoided in unconsolidated aquifers by installing fiber-optic and heating cables
with direct push (Bakker et al., 2015), where it is assumed that the installation does not disturb the flow
field. A thermal response can be measured accurately along the fiber-optic cables with DTS. Bakker et al.
(2015) performed two tests in relatively homogeneous dune sand of a managed aquifer recharge system
where the specific discharge was relatively large (0.5 m/day). In the first test, the magnitude of the specific
discharge was determined up to 20-m depth from a heat pulse response test where a heating cable and a
fiber-optic cable were installed together. The heating and fiber-optic cables were taped together, but they
twisted around each other during installation. As a result, the position of the fiber-optic cable relative to
the heating cable in the subsurface was unknown, which significantly affected the measured temperature
increase during heating, even when the centers of the two cables were just 1 cm apart (see Figure 1a). As
a result, only the measured temperature decrease during cooling (after the heating cable is turned off) was
used to determine the specific discharge. In the second test, Bakker et al. (2015) determined both the mag-
nitude and the direction of the specific discharge from five additional fiber-optic cables that were installed
around the heating cable at distances of 1-2 m. The exact positions of the fiber-optic cables relative to the
heating cable were known at the surface, but unknown at depth as installation of the cables with direct push
gives small deviations from the vertical that were not measured.

The objective of this paper is to determine the magnitude of the specific discharge from a heat pulse response
test with one heating cable and one fiber-optic cable, like the first test in Bakker et al. (2015). First, a new
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approach is presented to determine the specific discharge from the temperature measurements during both
heating and cooling when the position of the fiber-optic cable relative to the heating cable is unknown. This
approach is tested in Case Study I, which uses the data of the heat pulse response test presented in Bakker et
al. (2015). The range of applicability of the approach was explored by carrying out Case Study II, where the
fiber-optic and heating cables were installed much deeper (up to 45 m) and the specific discharge was much
smaller and was expected to have a larger variation with depth. Finally, three aspects affecting the accuracy
of the proposed method on the estimated specific discharge are explored: vertical conductive heat transfer,
hydrodynamic dispersion, and heterogeneity in horizontal layers.

2. Mathematical Formulation

Consider combined groundwater flow and heat transfer in a horizontally infinite aquifer. The aquifer is dis-
cretized vertically in many horizontal layers. Water and heat are approximated to move only within a layer;
vertical transfer between layers is neglected (but is considered in section 6). Each layer is homogeneous,
with a steady state uniform groundwater flow aligned with the x axis. Viscosity and density effects, if any,
are neglected. The temperature of both the water and the solids is approximated to be at instantaneous equi-
librium. The temperature distribution in a layer is governed by (e.g., Hopmans et al., 2002; Rau et al., 2012;
Smith & Chapman, 1983)

PT 0T pyCydT _ T

2 4+p Lo - =% 1
* ox2 Y 0y? 1 pc ox ot @

where T[@] is the temperature in the aquifer, x and y [L] are the horizontal coordinates, ¢ [T] is time, D,
and D, [L2T-1] are the thermal dispersion coefficients in the x and y directions, respectively, g [LT™!] is the
specific discharge in the x direction, and pc and p,,c,, [ML'T=207!] are the volumetric heat capacity of sat-
urated soil and water, respectively. All parameters are constants that do not vary in space and time, such that
the differential equation (equation (1)) is linear and solutions can be superimposed. The thermal dispersion
coefficients consist of a thermal conduction term and a term that accounts for the effect of hydrodynamic
dispersion in the water phase (e.g., De Marsily, 1986; Rau et al., 2012)

K PwCw
D.=—+ —_— 2
x= e B.q " 2
K pwcw
D, =—+ 3
= o 8,49 . (3)

where x [L2MT~3] is the isotropic bulk thermal conductivity and g, and B, [L] are the longitudinal and trans-
verse thermal dispersivities, respectively, which are of the same order of magnitude as the solute transport
dispersivities (De Marsily, 1986; Hopmans et al., 2002).

A vertical heating cable acts as a vertical line source located at the origin of the coordinate system. The
cable produces a constant amount of heat per unit length p [MLT~3] when turned on at time ¢t = 0. The
temperature is measured with respect to the background temperature and is initially zero everywhere and
remains zero at infinity. The specific discharge is approximated as steady and uniform in each layer; the
effect of the cables on the flow field is neglected. The differential equation (equation (1)) with the stated
initial and boundary conditions and a point source at the origin of strength p was solved for solute transport
by Hunt (1983), after which the analogy to heat transfer was made by Zubair and Chaudhry (1996) and Diao
et al. (2004). The solution is written here as

T—Lexp(§>w<é,£> 4

* 4zpcy/D,D, B t’B
where
2
A= (5)
D,
B=2p, -~ ©)
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where W is known in the groundwater literature as the Hantush Well function (Hantush, 1956). The cor-
responding steady state temperature, T (t,,), is given by (Diao et al., 2004; Zubair & Chaudhry, 1996)

M) = o o (5) % (5) ©

where K, is the modified Bessel function of the second kind and order 0. Combination of equations (4) and
(9) gives

T(t,
T(t) = Aw(é,ﬁ) (10)
r t B
2K, (£ )
It is noted that half the steady state temperature is reached when t = 2— = (Wilson & Miller,

C
1978). The solution for a heat source that is turned on at t = 0 and turned off at t = t, is obtained from
superposition as

0<t<t

) (t—to frz)] > t>t, (11)

The temperature response presented in equation (11) is expressed as a function of three lumped parameters,
A, 153, and T(t,,), which account for the position of the fiber-optic cable relative to the heating cable (x and
), and the parameters of the problem (g, pc, py,cy,, K, By, By, and p).

Ts) (é r
2K (r/B ’B
Tt 1) = 2P ‘A
2K, (r/B) (7

b:l*\_/

)

The temperature response depends on the location of the measurement relative to the heat source. Example
temperature responses at 1 cm downstream (blue crosses) and 1 cm upstream (orange diamonds) of the heat
source are shown in Figure 1a. The two temperature responses are significantly different during the heating
period but are similar after the heat source is turned off. The scaled temperature ((’) is plotted as a function

of the scaled time Z in Figure 1b. The two temperature responses have the same A and é such that they
overlap in Figure 1b.

3. Estimation of Specific Discharge From Measurements

Values for the lumped parameters A, 153, and T(t_,) are obtained by fitting equation (11) to temperature mea-
surements of a heat pulse response test as described in section 4. Note that these parameters can be obtained
without knowledge of the exact position of the temperature measurement relative to the heat source. The
specific discharge is obtained from A and é by rewriting equation (6) as

pc 1
=2D, —— = 12
q <o B (12)

Multiplication by r/+/4D, A, which equals one (equation (5)), gives

pc r 1
= - D, 13
= \/_\/ (13)

Substitution of equation (2) for D, finally gives

1 r/B

pWW\/_

pc K+ f.qpyC. W) (14)
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The specific discharge g can now be determined from parametersA ,and a third term. Note that A and 1
are both functions of r, but the ratio i = q: Y% does not depend on r, which makes the expression for the
specific discharge independent of the position of the temperature measurement relative to the heat source.
The term under the square root sign consists of a thermal conductivity component and a hydrodynamic

dispersion component. Equation 14 may be solved explicitly for q by rewriting the equation

2 2
1 r/B| Ppc r/B 1r/B
=[] 5 N e "

Equations (14) and (15) allow for the calculation of the specific discharge without knowledge of the posi-
tion of the temperature measurement relative to the heat source by estimating A, PwCws> KpC, and . pc.
Approximate values and distributions for the thermal properties of saturated sand with a porosity of 0.35
are used for Case Studies I and II (Table 1). The thermal dispersivity g, has the largest uncertainty. Similar
to solute dispersivity, the thermal dispersivity is scale dependent (De Marsily, 1986). Reported values range
from 0.002 m for a heat pulse probe experiment (Hopmans et al., 2002), to 0.1 m for a push-pull pumping
test (Vandenbohede et al., 2009), to 1 m for a closed geothermal system (Molina-Giraldo et al., 2011). The
scale of the presented heat pulse test is somewhere between the heat probe experiment of Hopmans et al.
(2002) and the push-pull pumping test of Vandenbohede et al. (2009). The distribution of g, used to estimate
the distribution of f§, pc in Table 1 is lognormal with a 95% confidence interval between 0.01 and 0.16 m.

4. Curve Fitting Procedure

The temperature response is measured with DTS along the fiber-optic cable and is normalized by subtracting
the background temperature. Temperature measurements are representative for short sections of the cable.
The pulse response for each section is described by equation (11). The parameters T(t,,), A, and é for each
of these sections are estimated from the measured temperature response with the curve fitting procedure
described below. The residuals, € [®], are the differences between modeled and measured temperatures. The
root-mean-square error, RMSE [@], is defined as

RMSE = (16)

where m is the number of time steps.

The residuals are likely correlated in time. A first-order autoregressive model is used to remove the
autocorrelation in the residuals

g =ag_tn 17)

where « [-] is the autoregressive parameter and n, [®] is the remaining noise at time step ¢. The noise is
approximated as independent and identically distributed. The parameters T(t,), A, f;’ and «a are estimated
by minimizing the RMS noise

m m 2
an Z(Ef - ocst_l)
RMSN = \| 22— = \| =2 (18)
m-—1 m-—1
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Table 1
Values for the Thermal Properties Used for Case Studies I and II
Parameter Estimated distribution Units
PwCo 4.185 MJm~tec-!
Kpc N(u = 566,06 = 15.7) GJ2d~'m=2°C—2
Bypc LogN(u = 0.137,6 = 0.110)? miec-!

aNinety-five percent of the lognormal distribution lies between 0.027 and 0.425 MJ/°C

The RMSN is minimized with a Levenberg-Marquardt algorithm (Marquardt, 1963) using LMFIT (Newville
et al., 2014), a high-level Python interface to the scipy.optimize module (Jones et al., 2001). A Monte
Carlo analysis is performed in three steps to estimate the uncertainty of the estimated specific discharge.
First, the covariance matrix is estimated for the parameters A, é, T(t,), and a. Second, a set of 10° parameter
combinations is drawn from a multivariate normal distribution. Parameter sets of x pc and f, pc are drawn
independently from the distributions presented in Table 1. Third, the specific discharge is calculated for
each of the parameter combinations with equation (15), and the 2.5th and 97.5th percentiles are used for
the 95% confidence interval. The estimation of the confidence interval assumes the thermal response is
correctly approximated by equation (15). A Jupyter notebook with the curve fitting procedure and test data
is provided as supporting information.

5. Case Studies

The presented approach is applied to two case studies. It is tested in Case Study I, which uses the data from
Bakker et al. (2015). The range of applicability is explored in Case Study II, where the cables are installed
much deeper, the specific discharge is a lot smaller and varies more with depth.

5.1. Case Study I: Dunes Near Castricum

The objective of Case Study I is to test the presented approach when the temperature response is measured at
different positions relative to the heating cable. Use is made of the data set described in Bakker et al. (2015),
who conducted an active heat pulse response test at a managed aquifer recharge system in the coastal dune
area near Castricum, the Netherlands. Water flows from elongated infiltration basins over a distance of 80
m to a row of shallow wells parallel to these basins; the median residence time is approximately 50 days (Des
Tombe et al., 2018). Fiber-optic cables were inserted with direct-push equipment at six locations; at location
2 the fiber-optic cable is accompanied by a heating cable (Figure 2). The fiber-optic cable is 6 mm thick,
contains two multimode 50/125-um fibers, and is heavily reinforced to protect the fibers during installation.
The heating cable is an off-the-shelf model that is 7 mm thick and produces 30 W/m. The cables at location
2 reached a depth of 21 m below surface level, while the others reached a depth of 15 m. The heating cable
was surrounded by multiple closely spaced fiber-optic cables to determine both the magnitude and direction
of the velocity, but the direction is not considered in this paper. The position of each cable relative to the
heating cable is known at the surface (Figure 2) but unknown at depth, as the cables were inserted with
direct push, which gives small deviations from the vertical that were not measured.

Approximate O5
groundwater

flow direction

e

1 2 3 4
O ([ J O O

6
1m
———— O

Figure 2. Top view of Case Study I. The circles represent the locations of the fiber-optic cables at the surface. The
heating cable is located at the filled circle.
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A heat pulse of 30 W/m was generated for 3.8 days and the response was
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measured with DTS for 8.4 days with an acquisition time of 10 min on a
25-cm sampling interval. The Silixa Ultima was used with a spatial reso-
{ lution of 0.29 m and a factory-reported accuracy of 0.02 °C corresponding
to the 10 minute acquisition time and the total fiber length. The mea-
surements in the first 10 min after the heating cable is turned on (¢t = 0)
and off (t = 3.8 d) are excluded from the fitting procedure. The model is
unable to simulate these measured temperatures, because both the heat-
ing cable and the fiber-optic cable are approximated as infinitely thin in
the model. However, their thickness is finite and their volumetric heat
capacity is different than that of the surrounding soil, which influences
the short-term temperature response measured in the fiber-optic cable.

A good fit was obtained for each cable at all depths with a RMSE of
0.03-0.09 °C. The vertical variation in specific discharge and the 95%
confidence intervals are estimated from the temperature measurements
with respect to the background temperature at six locations with the
procedure described in section 4 and are shown in Figure 3. The mean
width of the 95% confidence interval is 0.33 m/day for all locations except
location 4, where it is 0.60 m/day. As the system is shallow, with a
short residence time, the background temperature varied slightly during
the experiment. A linear interpolation between the first and last tem-
perature measurement was performed to account for the variation in
background temperature. The error introduced by the approximation of
the background temperature resulted in unrealistic values for the esti-
mated specific discharge with a large confidence interval at depths where

Loc.
Loc.
I loc.
I loc.
Loc.

the temperature increase remained below 0.5 °C during the test; these are
not shown in Figure 3. The temperature response at location 1 (upstream
of the heating cable) remained below this threshold and is therefore not

N W s U1 o

0.0 0.2

Figure 3. The specific discharge (line) and the 95% confidence intervals

0.4

OI6 0I8 10 19 shown in Figure 3.

Specific discharge (md~1) A similar specific discharge is estimated for each of the cables and the

95% confidence intervals are close to each other or overlap, even though

(shaded) estimated for locations 2-6 of Case Study I, at depths where the the positions of the fiber-optic cables relative to the heating cable were

measured temperature increase was at least 0.5 °C.

unknown and vary between being next to the heating cable (location 2,
orange line in Figure 3) up to several meters from the heating cable (loca-
tions 3-6). A slightly higher specific discharge, together with a larger
confidence interval, is calculated for location 4 (green line). A qualitative estimate for the specific discharge
is obtained from Des Tombe et al. (2018) by dividing the distance between the recharge basin and the extrac-
tion well (80 m) by the median of the residence time (50 days) and multiplying it by the porosity (0.35),
resulting in an estimate of 0.56 m/day. Bakker et al. (2015) estimated a pore water velocity profile (Figure
6 in their paper), which is similar to the specific discharge profile (Figure 3 of this paper) when multiplied
with the porosity. It is noted that Bakker et al. (2015) did not account for thermal dispersion, which affects
the estimate of the specific discharge significantly for this case (see section 6.2).

5.2. Case Study II: Horstermeer Polder

The objective of Case Study II is to explore the range of applicability of the proposed approach. It is investi-
gated whether the specific discharge can be measured over larger depth (up to 45 m) and whether vertical
variations of the specific discharge can be measured accurately. This case study is located in the Horster-
meer polder in the Netherlands, which is an approximately circular polder with a diameter of 3 km. The
heating cable and fiber-optic cable are installed at the edge of the polder, 50 m from the surrounding lakes
and canals. The water level in the polder is maintained at approximately 2 m below the surrounding lakes
and canals, resulting in significant groundwater flow from the lakes and canals into the polder. The cover
layer is approximately 1.5 m thick and is very heterogeneous, while the aquifer below consists of different
types of sands. Van Wielink (2016) showed with geophysical methods and through numerical modeling that
horizontal flow is significantly larger at a depth between 25 and 35 m.

DES TOMBE ET AL.
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Composite fiber optic cable
Fiber

Flexible fiber

Heating cable

Epoxy

PVC cover

400 mm

Steel pin

Extra weld to widen the
drive point for smooth release

24 mm
—_

Figure 4. Custom made drive point. Not to scale. PVC = polyvinyl chloride.

Installation of the fiber-optic cables was modified from the approach used in Case Study I (Bakker et al.,
2015). Thinner push rods were used to reach a depth of 45 m, but these only fit a single composite fiber-optic
cable and a heating cable. The same fiber-optic cable was used as in Case Study I, which contains two
fibers. Their endings are welded together with a flexible fiber near the drive point (Figure 4) to support
double-ended DTS calibration (Van de Giesen et al., 2012). A plastic cover is attached to the steel drive point
and filled with epoxy to fix the fragile fibers and the heating cable. A thinner heating cable with a diameter
of 5 mm was installed (compared to Case Study I), which can generate a heat pulse of 20 W/m. In contrast to
Case Study I, the heating and fiber-optic cables were not taped together but were kept loose during installa-
tion. Slack tends to occur in one of the cables when they are taped together, making it more difficult to lace
the cables through the push rods. Alternatively, a fiber-optic cable with an embedded resistance wire could
have been used. This has the advantage of being easier to install but may cause problems with getting too
hot and was not investigated.

The heat pulse was generated for 4.8 days. The temperature response along the fiber-optic cable was mea-
sured with the Silixa Ultima for 10.9 days with an acquisition time of 5 min on a 0.125-m sampling interval.
The factory-reported temperature accuracy is 0.024 °C. The pulse response over the depth is shown in
Figure 5a. The temperature measurements in the first 2 m below surface level reflect partially saturated soils
and are influenced by surface temperature fluctuations; their interpretation is beyond the scope of this paper.

DES TOMBE ET AL.
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Figure 5. (a) Measured temperature response for Case Study II. (b) Temperature profile at t = 4.8 days, just before the heating cable was turned off. (c)
Measured and modeled temperature response at two depths. (d, e) Residuals and noise at two depths.

The thermal properties of the drive point are different than that of the aquifer, which influences the temper-
ature measurements in the bottom 2 m and are therefore not shown in Figure 5a. The temperature increase
just before the heating cable was turned off is shown in Figure 5b. The largest temperature increase of 5.9 °C
is observed at 23.2 m below surface level and the smallest increase of 3.1 °C at 30 m below surface level.
The temperature increase fluctuates with depth, as the fiber-optic cable twists around the heating cable and
the temperature increase just upstream of the heating cable is significantly smaller than just downstream
(Figure 1a).

The specific discharge was estimated with the procedure presented in section 4. A good fit was obtained
at all depths with a RMSE of 0.04-0.05 °C. The measured (dots) and modeled (dashed lines) temperature
responses at 23.2 (blue) and 30 m (orange) below surface level are shown in Figure 5c; the corresponding
residuals are shown with colored dots in Figures 5d and 5e, respectively. The temporal variation in the
residuals is similar at all depths and shows a daily pattern originating from the DTS system. The noise
(equation (17)), shown with black dots in Figures 5d and 5e, does not show this temporal variation and is
distributed approximately normal. Similar to Case Study I, the measurements in the first 10 min after the
heating cable is turned on (+ = 0) and off (¢t = 4.8 days) are excluded from the fitting procedure. The
estimated specific discharge and its 95% confidence interval are shown in Figure 6. The mean width of the
95% confidence interval is 0.026 m/day. The specific discharge varies between 0.07 and 0.11 m/day, except
for the first 8 m and between 27 and 32 m below surface level, where the specific discharge is larger, as was
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Figure 6. The specific discharge and its 95% confidence interval estimated for Case Study II.

expected from the geophysical study and numerical modeling of Van Wielink (2016). The largest specific
discharge of 0.2 m/day is estimated at 31 m below surface level.

6. Discussion

Several approximations were made to estimate the specific discharge from the temperature measurements
of which three require extra attention and are discussed below.

6.1. Vertical Conductive Heat Transfer

In the presented approach the aquifer is discretized vertically in many horizontal layers. The temperature
measurements in each layer are considered independent from the other layers and heat transfer between
layers is neglected. If there is a large difference in the specific discharge between two layers, a temperature
difference develops during the test and heat is exchanged vertically by means of conduction. This is neglected
in the presented approach. If vertical heat transfer is not negligible, sharp changes in the specific discharge
and thin layers with a different specific discharge can be missed. A sharp change in the specific discharge is
estimated for Case Study II at approximately 28-32 m below surface level, and the question arises whether
the maximum specific discharge at this depth is correctly estimated.

A numerical model was constructed to investigate the effect of vertical heat conduction on the estimated
specific discharge. An aquifer is modeled with a constant horizontal specific discharge of 0.1 m/day, except
for a layer where the specific discharge is higher (g;). The layer is located halfway the aquifer and has a
thickness H. A 20 W/m vertical line source is located at the origin and is turned on at the beginning of the
model run and turned off after 4.8 days. Other parameters are given in Table 2. Coupled groundwater flow

DES TOMBE ET AL.

10



~1
AGU

Water Resources Research

10.1029/2018WR024171

6 6
a) —— Trueq b) —— Trueq
—— Estimated g - Case A —— Estimated q - Case C
Estimated g - Case B Estimated g - Case D
4 4 4 4
55% of true q
>4 |171m 2 <>
E o E o] >
N N
0
5 5 55% of true q
1.35m
—4 4 —4
-6 T T T T -6 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5

Specific discharge (md=!)

Specific discharge (md~?)

0.6

Figure 7. (a) True (black) and estimated specific discharge for Case A (blue) and Case B (orange). (b) True (black) and estimated specific discharge for Case C

(blue) and Case D (orange).

and heat transfer are modeled with SEAWAT (Langevin et al., 2007). The equations for thermal conduction

and hydrodynamic dispersion are solved with an implicit finite difference scheme and the thermal advection
is solved using a third-order total-variation-diminishing scheme (Zheng & Wang, 1999). The cell sizes vary
from 0.5 X 0.5 X 2.5cmto1l X 1 x 1 m (x,y, and z). The smallest cells are used at the origin near the top
and bottom of the layer with larger specific discharge, while the largest cells are used near the boundaries

of the model.

The temperature response is modeled for two values of g; and two values of H, resulting in four cases labeled

A-D (Table 3). The specific discharge is estimated from the modeled temperature at 2 cm from the heating

cable perpendicular to the flow direction using the presented approach. Results are shown with blue and
orange lines in Figure 7, which also shows the true specific discharge (black). A similar specific discharge

Table 2

Parameters Used in the Numerical Model
Parameter Value

pc 2.730 MIm~1°C~!
Pl 4.185 MIm~!°C™!
K 2.4Wm~lec!

By 0.05m

By 0.005 m

B 0.0005 m
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Figure 8. The specific discharge for three values of g, for location 2 of Case Study I.
is estimated from modeled temperatures at 2 cm upstream and 2 cm downstream of the heating cable (not
shown).
The true specific discharge jumps at the boundary of the layer with higher g;, while the estimated specific
discharge shows a smooth transition. The height of the transition zone, from 10% to 90% of the total increase,
is termed the spatial resolution of the estimated specific discharge here. The spatial resolution for g; = 0.2
m/day (Case A) is 1.71 m and reduces to 1.35 m for g; = 0.5 m/day (Case B). For Cases A and B, the layer
thickness is 5 m, which is larger than the spatial resolution, so that the largest estimated specific discharge
approximates the true specific discharge quite well. When the layer thickness is smaller than the spatial
resolution (Cases C and D), the peak of the specific discharge is underestimated. For example, when H = 1
m (Cases C and D) the peak of the estimated specific discharge is only 55% of the true specific discharge
(Figure 7b).
Table 3
Numerical Model Configurations
Case gr (m/day) H (m)
A 0.2 5.0
B 0.5 5.0
C 0.2 2.0
D 0.5 2.0
DES TOMBE ET AL. 12
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The thickness of the region with a larger specific discharge of Case Study II is approximately 4 m (between
28 and 32 below surface level) and thus larger than the spatial resolution of the estimated specific discharge.
It is therefore expected that the peak specific discharge in this layer is estimated reasonably well, but the
estimated transition of the specific discharge is likely smoother than in reality.
6.2. Hydrodynamic Dispersion
The parameters A, r/B, and T, are obtained from temperature measurements with the curve fitting pro-
cedure presented in section 4. In addition, estimates of xpc, f,pc, and pyc,, (equation (15)) are needed
to calculate the specific discharge. The estimate of the specific discharge increases for larger g, and the
increase is larger for a larger specific discharge. Similar observations were made in studies by Hopmans et
al. (2002) and Lu et al. (2018). The effect of hydrodynamic dispersion can be neglected when x > f,qgp,c,,
(equation (14)) or
K
g < (19)
:Hx chW
The condition for neglecting hydrodynamic dispersion with the values of Table 2 becomes
qp, < 0.05m?*/day (20)
The uncertainty in g, is much larger than the uncertainty in « and p,,c,,. This makes it difficult to decide
for what values of q dispersion can be neglected. For g, = 0.05 m (Table 2), dispersion may be neglected
when g < 1 m/day.
DES TOMBE ET AL. 13
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The term under the square root sign in equation (14) reduces to 4/xpc when hydrodynamic dispersion is
neglected, so that equation (14) can be written as

Vkeer/B

= 1)

PwCw \[A

r/B
~ 0.18 =— (m/day) (22)
VA

The term 4/kpc is relatively constant for different types of saturated sand, because either a larger porosity
or a larger clay content results in a larger pc and a lower «.

The specific discharge is estimated for location 2 of Case Study I (next to the heating cable) for three values
of f,, and the results are shown in Figure 8. The estimated specific discharge is significantly larger when
B, = 0.1 m (green) than when hydrodynamic dispersion is neglected (f, = 0m, blue), as is to be expected
as q is around 0.5 m/day. For example, the estimated specific discharge is 72% larger at 9 m below surface
level for f, = 0.1m than for g, = 0m. The effect of hydrodynamic dispersion on the estimated specific
discharge is much smaller for Case Study II (Figure 9), with a maximum increase of 20% at 31 m below
surface level. This is to be expected as ¢ = 0.1-0.2 m/day <« 1 m/day. The same holds for the confidence
intervals of the estimated specific discharge presented in Figures 3 and 6; the confidence intervals are wider
for large flows due to the uncertainty in the dispersivity.

6.3. Heterogeneity in Horizontal Layers

In this study, effective values of p,,c,, kpc, and g, pc for the measurement area are used to estimate an effec-
tive value of q. The size of the measurement area is estimated by calculating the area that is heated at least
0.1 °C during the test. The measurement area is approximately 5.9 m? if the specific discharge is 0.1 m/day
and 8.3 m? if the specific discharge is 0.5 m/day, using the values of Table 2 and a heat pulse of 4.8 days. Not
all parts of the measurement area contribute equally to the estimate of the effective g. Knight et al. (2007)
assessed the effect of heterogeneity on the estimation of the heat capacity and water content in the vadose
zone with a dual-probe heat pulse sensor. They concluded that the measurements are local and the area close
to the heater and the sensor contributes most. Oliver (1993) performed a similar assessment for a pumping
test by quantifying the influence of the storativity and transmissivity at each location on the observed draw-
down. He concluded that at later times the influence extends farther away from the well and the effective
values represent a larger area. Future research into the combined effect of heterogeneity and test duration
is needed to understand the full effect of heterogeneity on the estimated effective values.

7. Conclusion

A new approach is presented to estimate the specific discharge from a heat pulse response test using a heat-
ing cable and a single fiber-optic cable. The temperature is measured along the fiber-optic cable with a DTS
system. The two cables are installed together with direct-push equipment, such that the cables are in direct
contact with the aquifer and no borehole is needed; it is assumed that the disturbance of the flow field due
to installation is neglected. Bakker et al. (2015) found that the cables twist when they are installed together,
such that the position of the fiber-optic cable relative to the heating cable in the subsurface is unknown.
The presented approach can be used to estimate the magnitude of the specific discharge independent of the
position of the fiber-optic cable relative to the heating cable.

The aquifer is discretized vertically in many horizontal layers. Each layer is approximated as homogeneous
with a uniform flow perpendicular to the heating cable. The temperature response in each layer is fitted
with three lumped parameters, from which the specific discharge is calculated by estimating a conduction
term and a hydrodynamic dispersion term. The conduction term appears to be relatively constant for dif-
ferent types of sand. Hydrodynamic dispersion can be neglected when the specific discharge is significantly
smaller than 1 m/day. The estimate of the specific discharge increases for a larger longitudinal thermal dis-
persivity. The uncertainty in the dispersivity results in larger uncertainty in the estimation of larger specific
discharge values.
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The new approach was successfully tested in Case Study I using data of Bakker et al. (2015). In Case Study II
it was demonstrated that smaller values of the specific discharge (~0.1 m/day) can be measured accurately
over larger depth (~45 m) including a region with significantly higher specific discharge (~0.2 m/day).

Vertical heat transfer between layers is neglected in the presented approach to estimate the specific discharge
from the measured temperature response. The estimated specific discharge is smoother than in reality near
jumps in the specific discharge. It was concluded from a 3-D numerical model that the sharp increase in the
specific discharge in Case Study II results in a smooth transition in the estimate of the specific discharge over
adistance of 1.35-1.71 m, termed the spatial resolution of the presented approach. The specific discharge in
layers that are thinner than the spatial resolution are not fully captured. The layer in Case Study II where
the specific discharge is larger is thick enough (~4 m) that the peak flow in this layer is captured. Results at
a finer resolution than the spatial resolution require the use of a 3-D model that accounts for vertical heat
transfer to estimate the specific discharge from the measured temperature response.
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