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ABSTRACT

A novel flow measuring technique is introduced to measure under harsh circumstances in environments with dirt, 

high pressures and elevated temperatures as in boreholes within the earth’s crust. A glass fiber embedded in a cable 

with heating wires measures the temperature within the heated cable with distributed temperature sensing (DTS). 

Similar to Hot Wire Anemometry, the velocity dependence of convective heat transfer is exploited to measure the 

velocity of the cable as a cylinder in crossflow. A borehole-mimicking test rig and a realistic prototype of a borehole 

probe were built and the flow along the borehole axis was investigated. The expected Nusselt Reynolds characteristic 

of a cylinder in crossflow has been measured which proves the concept of this novel measurement technique. 

Challenges arise with the insufficient spatial resolution of DTS measurements and in the heat transfer modeling be-

cause the temperature profile of the cables cross-section must be taken into account. More detailed investigations and 

developments are planned to elevate this measurement technique from the current proof-of-concept stage to a reli-

able flow measurement technique. As a first step, the DTS technique will be extended the application of fiber Bragg 

grating (FBG) temperature measurements at specific points along the glass fiber. Subsequently a straight segment of 

a new hybrid cable will be placed in a water channel perpendicular to the flow direction. The Flow will be precisely 

specified using Particle Image Velocimetry and multiple temperature sensors in the channel and on the cable’s sheath 

will deliver the information for enhanced heat transfer modelling.

1. Background and Objectives

A wide range of large scale liquid flow-measurement situations is characterized by extremely chal-
lenging environmental conditions, which in turn limits the number of measurable quantities and
accordingly diminishes the extractable information content for a given measurement campaign.
These conducted experimental efforts mostly have do deal with extremely difficult optical and
mechanical access, as well as particularly adverse thermal and chemical conditions, as encoun-
tered e.g. in hydrological field tests, geothermal reservoir exploration and pipeline monitoring
(see e.g. Gillette & Kolpa, 2008; Klepikova et al., 2014; Bauer, 2014; Helbig & Zarrouk, 2012; Renner
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& Messar, 2006). In geothermal plants, for instance, heat reservoirs located in the earth’s crust are
used to generate electrical energy and heating energy from the natural heat of the earth. An impor-
tant method for investigating heat reservoirs is the measurement of volume flow in boreholes that
penetrate a heat reservoir. Furthermore, the desired spatially distributed flow-diagnostic remains
yet to be improved for an advanced analysis of the respective flow scenarios, where today the
distributed quantification of volume fluxes and corresponding flow velocities appears rather pre-
mature as compared to the more elaborated means for a distributed investigation of state variables
such as temperature, for instance.

Fiber-optic based distributed temperature sensing (DTS) has been developed since the 1980s, ini-
tially being used as a downhole tool for oil and gas. DTS has shown to be a precise yet robust
tool for spatially distributed temperature measurements (Kersey, 2000; Li et al., 2004; Ukil et al.,
2011). Research of the last two decades has led to great improvements in measurement resolution,
applicability and affordability, so that DTS is now more and more frequently used to investigate
hydrological systems (see Selker et al., 2006; Hausner et al., 2011; Banks et al., 2014; Bense et al.,
2016). Particularly, DTS-evaluation approaches on the grounds of the temperature sensitive Raman
anti-Stokes backscatter enjoy increasing attention and gain importance in the community, where
the application of heated fiber cables (i.e. so-called hybrid cables comprised of fiber optics and
high-resistance conductors) further increases the signal-to-noise-ratio as elaborated by Briggs et
al. (2012); Banks et al. (2014); Bense et al. (2016) and Van De Giesen et al. (2012), for instance. Their
applications range from the evaluation of groundwater flow into streams to downhole heat pulse
tests, but remain largely limited to temperature-distribution quantification along the cable, thus
inside the boreholes.

Note, that the general measurement strategy of DTS is comparable to Doppler-Lidar systems (Light
detection and ranging), since either approach emits laser bursts and determines the distance to the
observed location from the latency between burst emission the arrival of the scattered light (cp.
Fernando et al., 2007). In contrast to the Doppler-based velocity determination (for the Lidar ap-
proach), the DTS approach evaluates the ratio between anti-Stokes and Stokes scatter intensities
to estimate the local temperature for the given scatter location inside the fiber-optic cable. Inter-
estingly, a heated cable in cross flow and the corresponding interrelationships between kinematic
and thermodynamic conditions of the surrounding flow are well-known and extensively elabo-
rated in the context of flow measurements via hot-wire anemometry (HWA) (see e.g. Stainback &
Nagabushana, 1993; King, 1915; Comte-Bellot, 1976; Bruun, 1995, for more details on HWA).

The objective of the present work, therefore, revolves around the idea to treat data as received
from classical fiber-optical thermography (DTS) in a similar way as the well established thermal
anemometry (HWA) so as to convert the recorded Raman scatter from the fiber-optic cables into
distributed velocity information inside (geothermal) boreholes and aquifers. It is accordingly hy-
pothesized that advanced post-processing of the DTS signals received through fiber-optic cables
can take immediate advantage of the known heat transfer law of cylinders in cross flow, given the
sensor cable is appropriately wound around a borehole-sensor probe. To test this hypothesis, the
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similarities of either measurement technique (DTS and HWA) and inherently involved limitations
of the hot-wire analogy for an advanced DTS post-processing in borehole flows are outlined in
a combined analytical/experimental feasibility study. For the sake of limited experimental and
fabrication complexity of a borehole-mimicking test rig, the current proof-of-concept experiments
exclude transverse aquifer flow across the boreholes and solely concentrate on the axial velocity
around sensor probes along boreholes.

2. Experimental and Analytical Procedure

A cartoon of the applied hybrid cable and it’s wound arrangement around a double-packer probe
is shown in Figure 1. As indicated in Figure 1(a), the cable mimics a heated cylinder in cross flow,
where the cross-flow direction of the velocity u is aligned with the borehole axis zB. For orientation
purposes both cylindrical coordinate systems for the cable (r−φ−z) and the borehole (rB−φB−zB)
are displayed. The cable is supplied with the electric power Pel, which is converted to heat in the
high-resistance conductors of the hybrid cable. Accordingly, it may increase the cable temperature
T and is converted into convective and conductive heat fluxes, the latter being mostly significant
at regions with large temperature gradients along the cylinder axis, e.g. when the cable enters the
water from the air. Radiation phenomena are excluded for brevity.
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Figure 1. Sketch and relevant quantities of the considered simplified double-packer probe equipped with a hybrid
fiber-optic cable; (a) cable and involved thermal quantities, (b) cable orientation around a double-packer probe

section.

The cable is wound helically with diameter D and angle Θ around a simplified double-packer
borehole probe (cf. Solexperts-AG, 2015) with sufficient spacing (D − DP)/2 to ensure an undis-
turbed flow around the probe of diameter DP, cf. Figure 1(b). The equipped probe is inserted into
the borehole-mimicking test rig as displayed in Figure 2. This test rig consists of a drainpipe with
Diameter DB and Length LB as the borehole section, which is vertically mounted in a large water
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tank. Various circumferentially oriented holes at the bottom of the pipe and the insertion of a Linn

MXH pump result in a vertically circulating water flow rate V̇ through the pipe against gravity g.
Flow rate V̇ and water temperature T∞ are measured with a Kobold Messring MIN1220 flow meter
attached to the hose between the pipe and the pump.
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Figure 2. Sketch of the bore-hole test rig at ISTM comprised of a big water tank, a bore-hole section, a simplified
double-packer probe as carrier for the hybrid DTS cable and a pump; geometry and operating parameters are added

to the sketch for clarity.

The combination of energy equation, Fourier’s law of heat transfer and Nusselt correlations leads
to a measurement equation according to u = f(Pel, T ) between the desired velocity information
u, the given input power Pel and the cable-surface temperature T . An AP-sensing N43856B DTS
system is used to supply the fiber optic cable with laser bursts, record the Raman scatter and
convert the signals to temperature estimates, which are assumed to be constant across the cable
cross-section.

If only convective heat transfer Q̇conv from the cable to the fluid is considered, the steady energy
equation around the horizontal cylinder yields

0 = Pel − Q̇conv. (1)

Radiative heat transfer from the cylinder to the fluid is several magnitudes smaller than the con-
vective heat transfer and is therefore neglected. Conductive heat transport along the cylinders axis
is neglected, because it is only relevant at regions with temperature gradients along the cylinder
axis i.e. at the water-air boundary of the cable, which in the present setup is sufficiently far away
from the investigated cable section (see Örlü & Vinuesa, 2017). Fourier’s law of heat transfer re-
lates the transferred heat Q̇conv to the temperature difference ∆T = T − T∞ of the cylinders wall
and the fluid, with the lateral surface A = π d l of the cable with length l and the heat-transfer
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coefficient α, i.e.

Q̇conv = αA(T − T∞)
Eq. (1)

≡ Pel. (2)

The Reynolds number for the given problem is built with the velocity

u = V̇
4

π(D2

B
−D2

P
)

(3)

and kinematic viscosity ν of the water, and the cable diameter d,

Re =
ud

ν
. (4)

The Nusselt number consists of α, d and the heat conductivity λ of the fluid,

Nu =
αd

λ

Eq. (2)
=

Pel

πlλ∆T
=

C1Pel

∆T
, (5)

and the Grashof number

Gr = β∆T
gd3

ν2
= C2∆T (6)

furthermore comprises gravity g and the thermal expansion coeffient β of the water. Note that
C1 and C2 summarize the constant parameters in Eq. (5) and Eq. (6), respectively. Additional
consideration of the ratio between kinematic viscosity ν and thermal diffusivity a via the Prandtl
number

Pr =
ν

a
(7)

leads to empirical correlations in the form of Nu = f(Re, Gr, Pr) for the above-mentioned mea-
surement equation u = f(Pel, T ).

Grashof and Reynolds numbers are dimensionless products describing the driving forces of the
flow. Here they are used to distinct between natural and forced convection. In case of free
convection, the flow is dominated by buoyancy forces and described by the Grashof number:
Nu = f(Gr, Pr). In the case of forced convection, the flow is described by the Reynolds num-
ber: Nu = f(Re, Pr). According to Collis & Williams (1959) free convection can be neglected for
Re > Gr1/3 (see also Durst, 2008), which holds true for all parameter combinations with operating
pump. Consequently, the remainder of the derivation concentrates on forced convection. The most
common correlation used for hot-wire anemometry is the so-called King’s law (cp. King, 1915)

Nu =
1

π
+

√

2

π

√
RePr, (8)

which is valid for RePr > 0.08. Combination of equations Eq. (1) – Eq. (8) then results in the
desired measurement equation

u =
a

2πd

(
Pel

λl(T − T∞)
− 1

)2

(9)

Equation Eq. (9) has been tested for various parameter combinations of input power and flow rates
in the range of Pel = 93 − 510W and V̇ = 0 − 50 l/min (Re = 0 − 365), as will be discussed below.
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3. Discussion and Conclusions

The observed interplay between normalized flow rate through the borehole and the measured
temperature difference ∆T = T − T∞ between cable and flow, thus heat transfer Q̇conv, is shown
in Figure 3 with additional parametrization of the supplied electric input power. The Re − Nu

diagram of Figure 3(a) reveals the typical square-root shaped curves with decreasing slopes for
larger Reynolds numbers. This functional relationship Nu ∼

√
Re is most salient for the Pel =

510W−curve and confirms the general validity of the above cylinder-in-cross-flow assumption for
further post-processing of the DTS-data in view of velocity estimates. However, it is important
to mention that the determined Nusselt numbers are an order of magnitude below Kings law
Eq. (8), which implies a significant overestimation of ∆T . The assumption of a homogeneous
temperature distribution across the cable cross-section, therefore, must be retro-actively considered
an oversimplification for the given problem.
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Figure 3. Non-dimensional depiction of the measured temperature differences for the tested combinations of flow
rate V̇ and electric input powers Pel: (a) Nusselt – Reynolds diagram connects velocity with temperature difference,
see measurement equation Eq. (9); (b) Grashof – Reynolds diagram indicates the influence of natural convection on

the given problem.

Consequently, future efforts will also include steady heat transfer analysis with the Biot number Bi

as an insightful ratio between heat-conduction resistance inside the cables and the heat-convection
resistance at the cable surface. For hot-wire applications the heat-convection resistance is domi-
nant, which is equivalent to Bi ≪ 1 and the justification for the assumption of a constant temper-
ature across the wires cross section. However, for the hybrid cable the Biot number increases by
several orders of magnitude as demonstrated with the following estimation.

Assuming the similarity of a cylinder in cross flow with identical Nusselt and Reynolds numbers
for both applications, the Biot-number change can be calculated for both cases with the values
given in Table 1.
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Table 1. The values for the Biot number calculation of the hybrid cable and the hot-wire are the characteristic length
L, the heat conductivity of the surrounding fluid (water and air) λfl, the heat conductivity of the wall (cable isolation

and wolfram) λw and wall thickness s.

L [m] λfl [W/(mK)] λw [W/(mK)] s [m] Bi(Nu = 1)

hybrid cable (hc) ~10−3 0.6 0.02 ~10−3 ~30

hot-wire (hw) ~10−6 0.02 70 ~10−6 ~3 · 10−4

The Biot number is defined as

Bi =
α s

λw

=
Nu λfl

L
∗

s

λw

(10)

with the heat conductivity of the wall λw, the wall thickness s and the heat transfer coefficient
α, which is replaced by the Nusselt number Nu, the heat conductivity of the fluid λfl and the
characteristic length scale L. The constant ratio of the hybrid cables Biot number Bihc and the
hot-wires Biot number Bihw is

Bihc
Bihw

=
Nuhc

Nuhw
︸ ︷︷ ︸

1

Nuhc

Nuhw
︸ ︷︷ ︸

3 · 101

λw,hc

λw,hw
︸ ︷︷ ︸

3.5 · 103

Lhw

Lhc
︸ ︷︷ ︸

10−3

shc
shw

︸ ︷︷ ︸

103

≈ 105. (11)

The Biot number increases by five orders of magnitude from hot-wire to hybrid cable, because
of the change of fluid and the change of wall material. The increased thermal conductivity of
water compared to air decreases the convective heat transfer resistance and the decreased thermal
conductivity of the wall increases the heat conduction resistance. The change of the geometric
length scale does not influence the Biot number, it is expected to increase the response time of the
sensor in unsteady modelling.

This estimation suggests Bi > 1 for the hybrid cable, which indicates, that the heat-conduction
resistance is dominant. Thus, most of the measured temperature difference drops within the ca-
bles sheath and the relevant temperature difference for the calculation of the Nusselt number is
accordingly smaller. This effect will in turn lead to increased Nusselt-number estimates due to
Nu ∼ 1/∆T . Future measurements are foreseen, which therefore also include heat conduction phe-
nomena within the cable and compare the experiments with adjusted Nusselt numbers to Kings
Law. Additionally, further development of the hybrid cable will consider thinner isolation layers
or materials with higher thermal conductivity to reduce the Biot number. After thoroughly dis-
cussing that a temperature difference within the cable is prevalent, it must be emphasized that it
is constant in steady heat transfer. Therefore, it must be only considered for academic purposes
when comparing the results to those in the literature. For practical use, however, an appropriate
calibration will effectively eliminate this offset. Unsteady heat transfer is not expected in borehole
applications and will accordingly not be discussed here.



20th LISBON Laser Symposium 2022

The effect of buoyancy induced flows of natural convection on the measurements is shown in Fig-
ure 3(b), where now the Grashof number is plotted on the ordinate against the Reynolds number.
The diagram demonstrates, that all experiments exceed the aforementioned Re > Gr1/3 condition
(see Collis & Williams, 1959), thus rendering natural convection mostly of minor importance. The
only exception is the quiescent-water test run (Re = 0), which is buoyancy dominated as expected.
Since future efforts will also consider very small Reynolds numbers (e.g. aquifer monitoring), the
consideration of natural convection will not be neglected from the processing approach.
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Figure 4. All measured data plotted in a Nu/Pel −Gr−diagram collapse on a single curve C1C2Gr−1, leading to a
Pel −Re−parameter map for the problem.

Even though less meaningful at first glance, the direct combination of the Grashof number Eq. (6)
with the Nusselt number Eq. (5) leads to a determining equation for the constants C1 and C2 ac-
cording to

Nu

Pel

=
1

πlλ
β
gd3

ν2
Gr−1 = C1C2Gr−1. (12)

Equation Eq. (12) is plotted in a Nu/Pel − Gr−diagram in Figure 4 (dashed line) alongside all
experimental results. Note that the measured temperature difference ∆T is eliminated from the
equation. Nonetheless, this diagram serves as a valuable Pel −Re−parameter map, where all mea-
sured data points theoretically collapse on a single curve. Consequently, only a single calibration
experiment is required for an accurate determination of all constant parameters for a given setup.

This is an important insight for the long-term objective to apply the proposed method in harsh
field conditions as outlined in Section 1, since such a calibration can be conducted prior to the
borehole application under defined and adjustable boundary condition. Subsequently, the valid-
ity of all downhole measurements can be evaluated by means of an application-specific tolerated
uncertainty margin around the calibrated theoretical curve in the map. From today’s perspective,
the product Pel C1 C2 is interpreted as meaningful dimensionless power characteristic and will,
therefore, also be subject of future investigations.

To elevate the measurement technique from the proof-of-concept level to a validated level with
well-known measurement range and error margins, fundamental investigations of a straight cable
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section as perfect undisturbed-cylinder-in-crossflow are currently prepared at ISTM in a PIV equipped
water channel. Subsequently, the technique will be transferred from the lab setup to a realistic
borehole probe by Solexperts. Therefore, the validity of the undisturbed-cylinder-in-crossflow as-
sumption for the helical cable arrangement around the probe is to be verified with additional PIV
experiments alongside the revised borehole-mimicking test rig. Comprehensive cylinder-wake
and cylinder-cylinder interference flow-field investigations are expected to shed more light into
the Reynolds-number dependent degree of simplification and corresponding error margins due to
this assumption.

As a final technical note, the DTS system used in this work (AP-sensing N43856B) has a minimum
spatial resolution of 0.5m, which renders the identification of local temperature phenomena par-
ticularly challenging. Even though obviously sufficient for the setup in the present work, due to
quasi-steady temperatures along the spiral probe in vertical flow, the distinction of different tem-
peratures around the probe perimeter in case of transverse flow across the borehole seems very
difficult and expensive with standard DTS as elaborated by e.g. Thomcraft et al. (1992); Dyer et al.
(2012) and Bazzo et al. (2016). The additional application of fiber Bragg gratings (FBG) is consid-
ered a promising alternative extension to the present DTS setup, which is currently implemented
to the test rig at ISTM. An FBG is a very short optical grating on the fiber that responds sensitive
to a very tightly constrained frequency band of light and enables point measurements of tempera-
ture (see e.g. Selker et al., 2006). The required number of included FBGs along the fiber-optic cable,
i.e. around the probe perimeter, to achieve sufficient spatial resolution for transverse flows will
accordingly be addressed in future investigations.
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