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Abstract
This paper presents a new thermal flow sensor for ultra-low velocities.
The sensor was fabricated with the standard printed circuit board (PCB)
technology. The technology and the simple sensor design would reduce
costs in fabrication and packaging. A one-dimensional analytical model is
presented in order to understand the working principle and to optimize the
sensitivity. A two-dimensional finite element analysis (FEA) model is also
presented. The paper describes the experimental investigations of the
temperature field around a heater under the influence of forced convection.
The experimental and theoretical optimization results lead to the design of
the PCB sensor whose characteristics are presented at the end of the paper.
With the current calibration facility, the sensor is able to measure air flow
velocities less than 80 mm s−1.
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1. Introduction

In recent years, miniaturized thermal flow sensors based
on silicon have been reported. The biggest advantages of
micromachined flow sensors are the fast response and the
batch fabrication, which means very low cost per sensor chip.
However, the drawback of the expensive packaging keeps
micro flow sensors away from mass application. The small
size, in the micrometre range, of micromachined sensors limits
the flow velocity range, which lies between several m s−1 to
several tens of m s−1. The sensitivity analysis presented in this
paper will show that the highest sensitivity can be achieved with
miniaturized sensors in the millimetre range [1]. Therefore,
there is still a market niche for a low-cost thermal flow sensor
using conventional or standardized technology.

Silicon flow sensors are mechanically unstable because
the tiny flow sensors need to be exposed directly to the flow,
which may be contaminated with dust and humidity. The
non-standard packaging and the special assembly procedure
also cause unacceptable cost of the silicon flow sensors. This

Table 1. Geometrical parameters of the model.

Parameter Term Value

Heater length (sym., lu = ll) lH 1.6 mm
Heater width bH 3.2 mm
Temperature sensor distance l 0.12 mm and 0.2 mm
Printed circuit board thickness dPCB 1.5 mm
Thermal conductivity of PCB

material δPCB 0.5 W m−1 K−1

paper presents a new flow sensor, fully compatible with modern
PCB technology such as the surface mounted device (SMD)
technology and multi-layer technology. The flow sensor can
be fully integrated in the design and fabrication process of a
common PCB; no special technology is required.

2. Fabrication and operation principle

The flow sensor is based on the classical electrocaloric
principle. Due to the forced convection, the temperature
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Figure 1. The thermal flow sensor based on PCB technology: (a) dual in-line module; (b) single in-line module.
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Figure 2. Analytical model.
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Figure 3. Results of analytical model (for air at 20 ◦C). (a) Sensor characteristics with different distances l between temperature sensor and
the heater (constant heater temperature). (b) Sensitivity as function of distances between temperature sensor l and the heater (constant heater
temperature). Values for air are: temperature diffusivity aFl = 2.1117 × 10−5, thermal conductivity λFl = 0.025 596, Prandtl number
Pr = 0.715 59, kinematic viscosity ν = 1.5111 × 10−5).

field around a heater is shifted in the flow direction. The
asymmetrical temperature profile around the heater can be
used for measuring the flow velocities. Two temperature
sensors upstream and downstream detect the temperature
difference. The difference signal is used as the sensor signal
output.

Figure 1 illustrates the prototypes of the thermal flow
sensor. The heater and temperature sensors were conventional
surface mounted devices. An isolation trench was milled
in the substrate material (ceramic or hard epoxy). The

electrical connections and solder pads were printed on a
mask transparency, which was then transferred onto the
substrate using common technology (photoresist development
and copper etching with iron chloride). The heater resistor
and temperature sensors were then soldered on the substrate
by using solder paste and subsequent annealing. In the last
step, interconnecting headers were soldered on the PCB in the
form of a dual in-line (figure 1(a)) or single in-line package
(figure 1(b)).
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Figure 4. Simulation results (air, u = 0.1 m s−1): (a) contour plot of x-component of the flow velocity; (b) contour plot of the temperature
field.
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Figure 5. Simulation results for the temperature profile along the flow direction: (a) constant heating power; (b) constant heater temperature
(solid line, l = 1.2 mm; dashed line, l = 2.0 mm).

3. Optimization models

3.1. Analytical model

For optimizing the PCB flow sensor, a one-dimensional model
was used. Geometrical parameters and assumptions for the
model are given in table 1 and figure 2.

With the temperature T (x) along the x-axis, the average
flow velocity u, the thermal conductivity of fluid λFl , the
thermal diffusivity of fluid aFl and the thickness of the average
thermal boundary layer δ, we find the heat balance equation [2]:

(
1

2
+
λPCBdPCB

λFlδ

)
∂2T (x)

∂x2
− u

2aFl

∂T (x)

∂x
− T (x)

δ2
= 0. (1)

After solving equation (2) we obtain the temperature difference
�T (v) between the temperature sensors:

�T (v) = T0[exp(γ2l)− exp(−γ1l)] (2)

with

γ1,2 =
u±

√
u2 + 16a2

F lκ/δ
2

4aFlκ
(3)

and

κ = 1

2
+
λPCBdPCB

λFlδ
. (4)

The heater temperature T0 can be calculated for constant
heating power P as

T0 = P

λFlbH
[
IH/δ +

√
(u2δ2)/(4a2

F l) + 4κ
] . (5)

For designing a thermal flow sensor, this analytical model
is not accurate because of the unknown thermal boundary
layer δ. With the laminar boundary layer δf low, the kinematic
viscosity ν and the length x along a flat plate, the thermal
boundary layer can be estimated by [3]

δf low = 4.64

√
νx

u
(6)

δ ≈ δf lowP r (7)

where Pr is the Prandtl number.
For simplification, the laminar boundary layer is assumed

to be constant along the x-axis and have an averaged value,
which is calculated by integrating equation (6) along thex-axis.
Figure 3(a) illustrates the sensor characteristics for different
distances between the temperature sensor and the heater. The
sensitivity curve in figure 3(b) was calculated from this model.
The model shows that there is an optimal distance l between
2 and 4 mm, which gives the highest sensitivity required for
ultra-low velocities.
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Figure 6. Simulation results: (a) sensor characteristics in constant heating power mode; (b) sensitivity versus distance between temperature
sensors and the heater.
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Figure 7. Experimental set-up for calibration of ultra-low velocity sensors.
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Figure 8. Experimental results: (a) temperature profile along flow direction for 0 mm s−1, 40 mm s−1 and −40 mm s−1, (b) sensitivities
versus distances between temperature sensors and the heater for 40 mm s−1 and −40 mm s−1.

3.2. Numerical model

A simple two-dimensional finite element analysis (FEA) model
with ANSYS was also used for optimizing the flow sensor.
This model only considered the governing equations for the
fluid, and in contrast to the analytical model it neglected the
heat conduction in the PCB. Figure 4 shows the velocity field
around the sensor and the corresponding temperature field.
The asymmetrical temperature caused by the forced convection
can be seen clearly.

With this model two operational modes were simulated:
constant heating power mode and constant heater temperature
mode. Figure 5 illustrates the temperature profile along the
sensor in the flow direction. In figure 5(a), the cooling effect
can be seen clearly. The solid lines in figure 5 represent the
temperature profile of the sensor with a distance of 1.2 mm
between the heater and the temperature sensor. The dashed
lines are profiles of the sensor with a distance of 2 mm. The
temperature profiles in constant heater temperature mode are
illustrated in figure 5(b).
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Figure 9. Measured sensor characteristics.

With the FEA model, different sensor designs can be
investigated. Similar to the discussion with the analytical
model, we concentrated on the influence of the distances
between the temperature sensors and the heater on the
sensitivities. Figure 6(a) shows the difference between sensor
characteristics of the investigated designs (l = 1.2 mm and
l = 2 mm). Figure 6(b) illustrates the dependence of the
sensitivity on the distance between temperature sensors and
the heater. The sensitivity was calculated as

S = �T |u
u

. (8)

Results of the two operating modes at a velocity u =
20 mm s−1 give the same behaviour as expected from the
analytical model. The highest sensitivity can be achieved with
a distance between 2 and 3 mm. This high sensitivity will
allow the detection of very low air velocities.

4. Experimental results

Because of the extremely high sensitivities, the flow sensor is
able to detect air velocities in the mm s−1 and cm s−1 range.
Since most wind tunnel facilities are only able to generate flow
velocities in the range of m s−1, wind tunnels are not suitable
for characterization of the flow sensors reported in this paper.
Figure 7 shows the experimental set-up for the calibration of
ultra-low velocity flow sensors.

The sensor was mounted on a stage, which was moved by
a stepper motor. The stepper motor was programmable and can
control stage velocities with a resolution of 1 mm s−1. Since
the length of the movement was limited (2.2 m) and the time
response of the flow sensor was of the order of few seconds,
the set-up allowed a maximal velocity of 80 mm s−1 in order
to make an accurate measurement.

To start with, the temperature profile around the heater
was measured by using two thermocouples located upstream
and downstream. The flow sensor was glued on a large
aluminium plate, in order to generate a stable heat sink. The
two thermocouples were calibrated to have the same output at
the same temperature. The first thermocouple was positioned
at a fixed distance to the heater (0.5 mm, 1 mm, 1.5 mm, 2 mm,

2.5 mm and 3 mm). The heater (47  ) was supplied with a
constant voltage of 6 V or a constant heating power of 766 mW.
The position of the second thermocouple was then adjusted for
the same output. The whole set-up was then placed into the
stage illustrated in figure 7. This procedure warranted that
the temperature difference between upstream and downstream
temperature sensors was always set to zero.

Figure 8(a) shows the measured temperature profile
around the heater at 0 mm s−1, 40 mm s−1 and −40 mm s−1.
The measurements shows that the asymmetrical effect caused
by the flow is not as strong as the simulation results. One of the
reasons may be the large aluminium heat spreader. However,
the sensitivity resulting from this measurement agrees well
with the simulation. The sensitivity was calculated with
equation (8). The measurement gives an optimal distance
of 1.5 mm. In the next step, flow sensors with temperature
sensing resistors were characterized. Two resistors were
used as temperature sensors (1000  , temperature coefficient
3000 ppm, Farnell’s code 732-310). The two sensing
resistors are connected with two resistors of the same type
in a Wheatstone bridge. The two external sensors were
kept at ambient temperature. Figure 9 shows the measured
characteristics of the investigated flow sensors. Both curves
are corrected with the offset at zero flow. Airflow in both
directions was considered. The results agree with the analytical
and numerical results. The sensor with a distance of 2 mm has
a better sensitivity. Both sensors are able to measure flow
velocities less than 80 mm s−1 in two directions.

A demonstrator was developed for the flow sensor, in order
to present the possibility of a commercial handheld device. The
demonstrator was based on a eight-bit microcontroller with a
ten-bit analogue–digital converter (ADC). The demonstrator
is equipped with a LCD display and three control keys
for the user interface. The two temperature sensors were
connected in a Wheatstone bridge, the bridge offset was zeroed
automatically with the pulse width modulation (PWM) output
of the controller. An operation amplifier buffered the sensor
signal. The output voltage can be displayed on the LCD or
passed through to an analogue output built on the demonstrator.
The dual in-line module is plugged in the sensor socket. A
9 V battery or DC power source supplies the demonstrator.
Figure 10(a) illustrates the fabricated single in-line sensor.
Figure 10(b) shows the demonstrator with the attached dual
in-line type of flow sensor.

5. Conclusion

This paper has presented the design, fabrication and
characterization of a low cost flow sensor based on PCB
technology. The results show that highly sensitive flow
sensors can be designed and fabricated with commercially
available components and standard PCB technology. With
the present calibration facilities, the sensor is able to detect
airflow velocities less than 80 mm s−1. Further investigations
on the dynamic behaviour should be carried out in the future.
New heater structures, temperature sensors and designs will be
considered in further works in order to achieve faster sensor
response and better thermal stability. Since the geometry of the
sensor still lies in the millimetre range, a complete integration
of the sensor in silicon will be possible [4].
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(a) (b)

Figure 10. Fabricated PCB flow sensors: (a) single in-line module; (b) dual in-line module.

Because of its simplicity, the flow sensor can be placed
easily onto a PCB with the complete evaluation electronics.
The same principle can be applied for liquid flow measurement.
For this purpose, the PCB needs a more sophisticated design
regarding the liquid channel. Works on PCB micro-pumps
have already been reported elsewhere [5, 6]. With the two
important components, micro-pump and flow sensor, a fluidic
system with a controlled flow rate is possible.
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