
Sensors and Actuators A 127 (2006) 63–68

X-probe flow sensor using self-powered active fiber Bragg gratings
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Abstract

A thermal X-probe sensor using self-powered fiber Bragg gratings (FBGs) has been developed to measure both magnitude and direction of
two-dimensional gas flows based on convective heat transfer principles. The flow sensor employs two cross-mounted FBGs (X-probe), which are
heated by light carried in the same fiber that contains FBGs. When the power light is turned off, the FBGs are used to measure the temperature of
the surrounding fluids. When the power light is turned on, in-fiber diode laser light is leaked out of the fiber and is absorbed by the surrounding
metallic coating to raise the temperature of the fiber gratings. The convective heat removal by incoming gas flows changes the temperature of the
fibers and, as a result, the resonance wavelengths of the heated FBGs are shifted. The FBG sensor is calibrated for air flows of speeds from 0.3 to
20 m/s and a yaw angle from−45◦ to 45◦, respectively. Air flow tests indicate the flow speed and the direction deduced from the sensors are in
good agreement with the actual flow conditions confirming the feasibility of the present sensor.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Two-dimensional thermal flow sensors are widely used to
measure both speed and direction of gas and liquid flows. At
present, one of the conventional ways to measure flow fields is
based on hot-wire anemometry[1]. Heat removal rate from elec-
trically heated wires or films to the surrounding flow is a measure
of incoming flow velocity. Recently, thanks to the advent of
micro electro mechanical systems (MEMS) technology, numer-
ous miniaturized flow sensors[2] have been developed. MEMS-
based flow sensors adopting the thermal heat transfer principle
typically consist of heated elements made of electrically con-
ductive materials. To minimize heat conduction to the substrate,
the heating elements are often placed on a thin membrane or
suspended in the form of a free standing beam[3–8]. Simi-
larly the convective heat transfer rate from the heating elements,
which is normally balanced by a given electrical energy input,
is closely correlated with the flow velocity. Although MEMS
flow sensors as well as hot-wire anemometry offer important
advantages, such as high sensitivity and fast response time, a
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number of drawbacks also limit their applications, especially
in harsh environment including cryogenic fuel flow and cor-
rosive flow rate measurement. Although miniaturized MEMS
sensors are compact in size and compatible with CMOS tech-
nologies, the packaging of MEMS devices could be bulky and
involve multiple metal leads for power supply and signal deliv-
ery. This becomes a more significant problem if a sensor network
is needed to provide flow information in multiple locations. A
large number of metal feed-through lines increase heat leak-
age and the potential of mechanical and electrical failure at
high-g environments. A large number of electronic sensors and
metal leads are also easily susceptible to electromagnetic inter-
ference, especially for the low signal output (in the millivolt
range), because any ac current imposed upon them is rectified
and appears as an erroneous offset.

Fiber sensors are well-known for harsh environment sens-
ing. However, the functionality of traditional fiber Bragg grating
sensing has been limited to temperature and strain sensing due
to their total passivity. Recently, we demonstrated a new class
of multi-functional active sensors based on self-powered fiber
Bragg grating technology[9,10]. The self-powered active fiber
sensor is electric-free and directly powered by optical energy.
The energy sources provided to the sensor units are delivered
directly through the optical fibers rather than by electric cable.
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The sensing signal is detected by an in-fiber Bragg grating and
transmitted back through the same fiber. This sensing configu-
ration and energy delivery mechanism minimize both electrical
and optical cabling; reduces packaging costs; enable sensors to
operate in both conducting and non-conducting fluids as well
as narrow tubes. By wavelength division multiplexing, many
FBG sensors can be inscribed in a single fiber for multiple-point
sensing with only one fiber feedthrough. More importantly, the
electric-free flow sensors preserve all the intrinsic advantages
offered by fiber-optical components. In the subsequent sections,
we will present the design, optical powering configuration and
testing results of the active two-dimensional FBG flow sensor.

2. Sensor principle

The operation of self-heated FBGs is similar to other thermal-
based flow sensors. The main difference is that the output signal
from FBGs is optical (resonance wavelength shift), not elec-
trical. The configuration for an optically heated FBG sensor is
presented in the experimental section of this paper. If a single
FBG is initially self-heated by optical input and placed perpen-
dicular to an incoming flow, the flow increases heat removal
from the heated FBG sensor, thereby decreasing the tempera-
ture of the FBG sensor. Since the resonance wavelength shift
in the FBG sensor�λ is correlated with the FBG sensor’s tem-
perature, the wavelength shift can resultantly be a measure of
the incoming velocity of constant-temperature flows. However,
if the flow comes to the sensor with an arbitrary angle, what the
sensor measures is not the magnitude of the velocityU0 but the
effective velocityUe, which can roughly be estimated to be the
velocity component normal to the sensor axis.

In order to measure both magnitude and direction of incoming
flows on a two-dimensional plane, two FBGs which are cross-
aligned with a 90◦ angle are designed as described inFig. 1.
The outputs of resonant wavelength shift from the two FBGs
can be used to determine the magnitude and direction of the
incoming flow. The relationship among them can be derived
from the energy balance on the FBG sensors. For simplicity,
consider one of the two FBG sensors first. Under a steady-state
condition, the absorbed thermal energy rateP in the FBG sensor
is considered equal to the convective heat energy rate transferred
to the flow:

P = hA(Ts − T∞), (1)

whereh is the convective heat transfer coefficient,Ts the tem-
perature of the FBG sensor,T∞ the fluid temperature which is
considered constant in the present work andA is the surface area
of the sensor which is equal toπDsLs. Ds andLs indicate the
diameter and the sensing length of the FBG sensor. The convec-
tive heat transfer coefficienth is expressed non-dimensionally
by the Nusselt numberNu as follows.

Nu = hDs

kf
= M + NRen (2)

where Re is the Reynolds number,Re = UeDs/νf , and n the
empirical exponent (0.3–0.8), andM and N are the coeffi-
cients that are functions of the Prandtl number (Pr = νf /αf ) and

Ts/T∞. The subscript f indicates the film temperature defined by
Tf = (Ts + T∞)/2. The fluid properties of the thermal conductiv-
ity kf , the thermal diffusivityαf and the kinematic viscosityνf
are defined at the film temperature. As a result, the coefficients
M andN are only functions of the sensor temperatureTs under
the condition ofT∞ = constant.

The energy Eq.(1) can be rewritten substitutingh from Eq.
(2), as

P = M ′ + N ′Un
e (3)

where M′ =πLskf (Ts− T∞)M and N ′ = πLskf (Ts −
T∞)NDn

s/νn
f . The coefficientsM′ and N′ are also only

functions of the FBG sensor temperatureTs since all the fluid
properties and the coefficientsM andN are only functions of
Ts under the condition ofT∞ = constant. Meanwhile,Ue is the
effective velocity of which a first-order approximation can be
used as the normal velocity component to the sensor axis. For
example, the effective velocity for FBG1 sensor inFig. 1b can
be described byU0cos(45◦ − θ), where θ indicates the yaw
angle of the flow defined with respect to the X-probe axis. In
reality, the relationship betweenU0 andUe is not so simple as
numerous different empirical formulae have suggested to date
[1]. Although the functional forms are different on a case by
case basis,Ue is generally a function ofU0 andθ. Furthermore,
if it is assumed that the resonant wavelength shift�λ in the
FBG sensor is solely dependent on the sensor temperatureTs,
Eq.(3) can be written in the following functional form:

P = M ′(�λ) + N ′(�λ)Un
e(U0, θ). (4)

Since the present X-probe has two FBG sensors, this relationship
can be applied to each sensor bringing up two coupled equations
as follows:

P1 = M ′
1(�λ1) + N ′

1(�λ1)Un
e1(U0, θ) (5)

P2 = M ′
2(�λ2) + N ′

2(�λ2)Un
e2(U0, θ) (6)

where subscripts 1 and 2 indicate FBG1 and FBG2, respectively.
Eqs. (5) and (6) reveal that given the in-fiber absorbed light
energyP the wavelength shift�λ is only dependent onU0 and
θ. Since the output from the sensor is�λ, it is more convenient
to use the following explicit forms rather than Eqs.(5) and(6):

�λ1 = F1(U0, θ, P1) (7)

�λ2 = F2(U0, θ, P2). (8)

Given power inputsP1 andP2, the functionsF1 andF2 can be
determined from calibrations where the wavelength shift�λ for
each sensor is registered with varying the magnitudeU0 and
directionθ for the known incoming flows. Once the calibrations
are established,U0 andθ of the unknown incoming velocity in
real measurements can be determined by measuring the wave-
length shifts�λ1 and�λ2 and equating Eqs.(7) and(8).

3. Sensor fabrication and experimental setup

To construct the optically heated X-probe, two optical fibers
were mounted on a rotational stage with a cross angle of 90◦,
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