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Abstract: This paper focuses on the development of highly sensitive calorimetric flow sensors. Both the hydrodynamics of
the flow channel, as well as the heat transfer are analyzed in detail. With the expressions for the hydraulic resistance of the
flow channel and the hydraulic system requirements for the flow sensor, it is possible to optimize the design of the flow
channel. It is theoretically shown why for small v the calorimetric flow sensor output is linear in v. Also it follows from
theory that for a symmetrical configuration, in this linear regime the heater temperature is independent of v  for constant
heating power. This suggests that for low Reynolds Number, King’s Law has to be modified. Different configurations and
methods are analyzed: absolute, differential, two beam, three beam, CPA, CTA and TBA. The latter is a real thermal
balance measurement and allows the use of non-linear sensing elements. From our experience with acoustical measurements
it is possible to estimate practical attainable sensitivity. In combination with proper flow channel design, and a fabrication
technology for narrow channels, it is shown that pL/s sensitivity is in reach.
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1. Introduction
This papers investigates the modeling, design and performance of silicon micromachined thermal flow sensors, with a focus
on high sensitivity. Our motivation for the development of highly sensitive flow sensors, with a resolution down to pL/s, is
the application in micro-chemical systems (MICS), where accurate dosing of chemicals is desired. In section 6 flow sensor
design for this application will be addressed briefly. The measurement of flow using thermal principles has been widely
used throughout the whole 20th century. The convective cooling of an electrically heated wire was already described
extensively by King [1] in 1914. The first sensors were of the hot wire anemometer type. This principle is based on
measurement of the amount of heat injected from a heated object into the flowing medium. In the early seventies for the first
thermal flow sensors were made by silicon micromachining [2]. A big improvement in sensor sensitivity and power
efficiency could be obtained by fabrication of (poly-)silicon or silicon nitride micro-bridges, for well-isolated suspension of
the temperature sensing elements as well as heaters [3,4,5]. According to Bradshaw [6] in his review of thermal flow
sensors, the first calorimeter flow sensors were realized in the 1950's. The basic operation principle for the static thermal
driving mode, is the convective disturbance of the zero flow temperature distribution around a heater which is maintained
by heat conduction to the heat sinks. The disturbance is measured by one or two temperature sensors at some distance of the
heater. Characteristic for this type of flow sensor is a differential sensitivity larger than zero around v = 0. We will analyze
the heat transfer in this type of sensor, to show that for small v the sensor output is proportional to v. Fabricated using
silicon micromachining the calorimetric flow sensors can be made extremely sensitive [7,8,9]. Therefore the focus of this
paper will be on this principle. Calorimetric flow sensors can also be operated in a dynamic thermal mode, the time of flight
flow sensors: heat pulses generated at the heater are transported with the moving fluid. During the transport to a temperature
sensor at distance l  down-stream from the heater, the pulse will broaden. Roughly, for flow velocities smaller than vc = DT /
l the signal tends to be too broad to be useful [10], where DT is the thermal diffusion coefficient [m2/s].
Besides heat transfer, significant attention is paid to the design of the flow channel of the sensor (section 2). With a
optimization of this channel, within the boundary conditions given by the fluidic system design, the sensor sensitivity can be
largely increased. The example given in section 6 illustrates this.

2. Hydrodynamic and Thermal Modeling
In this section hydrodynamics and heat transfer in basic configurations are analyzed. For the sake of simplicity all analyses
are done under the assumption of Newtonian fluids with constant density and constant viscosity.

Laminar Flow Velocity Distribution, fully developed flow
For a  stationary, fully developed laminar flow in a tube of constant cross section, under the conditions of a Newtonian fluid
with constant density and viscosity, the momentum balance (Navier-Stokes equations) reduces to [11]:



pv ∇=∇2 (1)

Where µ is the fluid viscosity [Nsm-2], p is the pressure and v is the flow velocity.  In general the differential equation is
solved under the boundary conditions v = 0 at the wall, and shear stress τ =0 at the center line of the tube. For a circular tube
the well known parabolic flow profile results [12]:
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With r and r0 the radial distance from the center line of the tube, and the inner-radius of the tube respectively, and dp / dx
the longitudinal pressure gradient. The condition for laminar flow can be given in a value of the dimensionless Reynolds
number, which is defined as the ratio of the inertia and the viscous forces working on the fluid in a channel with diameter D:
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Where vm is the mean fluid velocity, and ρ is the density of the fluid. The condition for  the flow in a circular channel to be
laminar is that ReD is smaller than roughly 2000 [11].

Hydraulic resistance
Knowing the velocity distribution, the  pressure drop across the tube can be calculated from a force balance: The shear
stress at the tube wall times the contact area of the fluid plug with the wall is balanced by the pressure difference acting on
the front and end surface of the fluid plug. This has been analyzed for different tube cross section, resulting in a general
expression for the hydraulic resistance R  (= pressure drop ∆p divided by volume flow ϕ) [13]:
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Where kshape = f⋅Re a dimensionless constant depending on the cross sectional shape of the channel only  [14, 15], Dh is the
hydrodynamic diameter, L is the length, and A is the area of the cross section of the tube. The hydrodynamic diameter is
defined by Dh = 4A / P with P the perimeter of the cross section. The product kshape=f⋅Re of the Fanning friction factor f and
Reynolds number Re has been tabulated for different cross sections [14], table 1.

Using eq. (3) Reynolds number can be expressed as a function of ∆p and ϕ [m3 /s]:
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The resistance has been derived for fully developed laminar flow. It is only valid if the entrance length (the length along
which the flow velocity distribution establishes) is small compared to the length of the tube. For a circular tube the entrance
length is given by the following expression [14]:
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D
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With D = 2⋅r0 the diameter of the circular channel. The non-linearity stems from kinetic pressure losses, which are
proportional to ϕ2.  As an example, we show measured  pressure vs. flow characteristics of triangular microchannels (fig. 1)
[13, 16]. For two channels with identical cross section and a length of 0.8 ± 0.1 and 2.8 ± 0.1 mm respectively, and a top



width 2a = 170 ± 2 µm, the curves are given in fig. 2. For the same pressure applied, the shorter channel shows more non-
linearity. This can be explained by looking at the ratio L / Lhy. For the short channel  L / Lhy = 1.1 and for the long channel  L
/ Lhy = 0.1, both calculated for 8 kPa applied pressure. These entrance lengthes have been estimated using eq.  (6), which is
the expression for a circular tube. To use it for other cross sections, the diameter of the circular tube is replaced by the
hydrodynamic diameter for the particular cross sections.
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Figure 1: Cross section of the triangular microchannels used for the resistance measurement. The channel has been created by KOH
etching of a <100> silicon wafer, and has been closed by anodic bonding of a glass wafer.
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Figure 2: Measured pressure vs. flow characteristic of two channels with identical cross section, a length of 0.8 ± 0.1 mm (A) and 2.8 ±
0.1 mm (B) respectively, and a top width 2a = 170 ± 2 µm. Measurements have been done with ethanol (liquid).
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Table 1: Shape constant, the hydrodynamic diameter, the area of the cross section and the resistance for a length  L [m] and a liquid

viscosity µ  [Nsm-2].



To give a feeling for the dimensions, for a circular tube with an inner diameter of 0.1 mm and a length of 2 mm, the linear
friction regime is roughly for Re < 300. This is within the laminar flow regime. The maximum allowed pressure and flow
for Re < 300 follow from eq. (5a,b):  For air (T = 293 K) ∆pmax, air = 0.05 Bar and ϕmax, air  = 0.4 mL/s, and for water (T = 293
K) ∆pmax,water = 0.2 Bar and ϕmax,water  = 0.02 mL/s.

Boundary layer theory
The flow boundary layer is the layer across which momentum is transferred. For a flat plate and a flow parallel to the plate,
the boundary layer thickness δ(x) at a distance x from the leading edge of the plate is given by [11]:
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Where v∞ is the uniform flow velocity of the fluid far away from the plate. Similar, the thermal boundary layer is the layer
across which the heat exchange with the fluid occurs. It can be seen as the penetration depth of the heat into the streaming
fluid. For a fluid flowing parallel to a flat plate at uniform temperature elevation with respect to the incoming fluid, an
expression similar to eq. (7) results for the thermal boundary layer thickness δT(x). Usually it is therefore given relative to
the thickness of the flow boundary layer, according to:

⋅=T (8)

The ratio ∆ is determined by the ratio of the thermal and the momentum diffusivity of the fluid, which is expressed by the
dimensioneless Prandl number: Pr = cp⋅µ / k, with cp the heat capacity of the fluid [J kg-1K-1]and k the heat conductivity
[WK-1m-1]. For Pr > 1 the thickness ratio is given by [11]:

∆ = Pr-1/3 (9)

Often for gases Pr ≈1 and commonly δT = δ is taken. For most liquids Pr > 1 and ∆ < 1 (the thermal boundary layer is
thinner than the flow boundary layer). Figure 3 illustrates the shape of the boundary layers.
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Figure 3: Flow δ, and thermal boundary layer thickness δT of a fluid flowing along a flat warm plate, as a function of the distance x from
the leading edge of the plate. The plate is at a uniformly elevated temperature Th > T∞, the temperature of the surroundings. The flow
velocity of the fluid with respect to the plate, at sufficient distance from the plate is v∞.

The thermal boundary layer thickness for a plate with a limited temperature elevation region starting at distance x0 from the
leading edge of the plate, can be found in literature [17].

Temperature distribution
The basic principle of a calorimetric flow sensor is that there is a temperature distribution around a heating element, which
is disturbed by a flow. By placing temperature sensors at positions in the fluid where the temperature is sensitive to the flow
velocity, the disturbance is measured and the flow velocity can be determined from that measurement. Knowledge of the
temperature distribution in the fluid is essential for design of this type of thermal flowsensors. A simple procedure is to
assume that the heater as well as heat sinks (typically cold walls) have a uniform temperature. This is often reasonable, for
example if the heater and the channel walls are metal or silicon. The heater and heat sink temperatures can be taken as
boundary conditions in the calculation of the temperature profile. Once the temperature profile is known, the heat injection
from the heater into the fluid can be calculated from the temperature gradients in the fluid next to the heater.  The amount of



heat injection should equal the heat generated in the heater. From this balance the heater temperature and the amplitude of
the temperature distribution in the fluid can be calculated. The amount of heat injection (power P) from a heated wire into a
flow for fixed temperature elevation of the heater, in the vicinity of a heat sink is given by King’s Law [1]:

ReP += (10)

For small flows, the heat loss is mainly determined by the heat conduction to the heat sinks. The heat convection increases
with increasing flow, and above a certain critical velocity the convection will be the dominant mechanism. This is the
working range of anemometer flow sensors. We will now analyze a configuration with a flat thin heater plate between walls
(fig. 4), in order to explain: 1. The heat transfer from the heater to the heat sinks, which is needed to determine the relation
between the heater temperature and the heating power. 2. For small flow velocities v, the temperature difference measured
at fixed locations up- and downstream of the heater is proportional to v. Assume that both the heater and heat sinks have a
uniform temperature, Th and T0 respectively. The configuration is thought to be infinite in the direction perpendicular to the
plane of the drawing. For constant density of the fluid and neglecting viscous dissipation, the heat transfer is governed by
the following differential equation [11]:

02 =∇⋅⋅−∇ TcTk p v (11)

For a fluid with flow field v(x,z)  in the x-direction only, this reduces to:
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Figure 4: Heater plate in a rectangular channel. The distance to the wall is z, the length of the plate is L. a) Zero flow, the temperature
distribution is symmetrical. b) Small v, up-stream the isothermal lines are compressed, down-stream they are stretched, the deformation is
odd in x. Between the plate and the walls the temperature profile remains unchanged. c) The boundary layer extends between the heater
and the walls. For constant temperature the heat injection increases. d,e) For increasing v the boundary layer extends over the whole
heater. The boundary layer thickness decrease with 1/√Re, therefore the heat transfer with √Re, following King’s Law.



For small v (Re < 1) it can be shown that the flow field has a fixed shape function multiplied by the velocity amplitude vm,
which is the mean flow velocity over the cross section of the channel. This is the creeping flow regime [11], where the
inertial effects are negligible. For steady state, Navier-Stokes equations again reduce to eq. (1). For creeping flow there are
still entrance effects, however the shape of the velocity distribution remains constant. In this regime the temperature
distribution in the fluid can be composed of the profile Γ0(x, z) for v = 0, with a disturbance function Γv (vm, x, z)
superimposed [10]. The amplitude of this disturbance function is proportional to vm. For configurations with mirror
symmetry in x-direction with respect to the heater, this implies that Γv  is an odd function in x (with respect to the middle of
the heater). The proportionality with vm can be shown as follows: Let T =Γ0 + Γ1 be the solution of eq. (12) for a certain v =
v1. This implies that (∀x, z):
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If for v2 = ε⋅v1 (ε>0) T(vm2, x ,z) = Γ0 + ε⋅Γ1 is a solution then T(vm2, x, z) should be a solution to eq. (12):
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With eq. (13) it becomes immediately clear that this is true for sufficient small v2 = ε⋅v1 such that the third term in eq. (14),
which is quadratic in ε, can be neglected. Because of the symmetry, for small v the increase of the temperature gradient next
to the heater up-stream, will be equal to the decrease of the temperature gradient next to the heater down-stream (fig. 4b).
For constant temperature the total heat injected from the heater is therefore constant (∂P / ∂v = 0). Note that this is in
conflict with King’s Law, which predict an infinite ∂P / ∂v at v = 0. There is  experimental data which seems to confirm the
deviation from King’s Law for low Re [9, 18]. Although the heater temperature remains constant for small v, the temperature
distribution in +x and -x direction can already be changed significantly. The temperature elevation extends in the channel in
the x-direction typically over a distance of a few times z (fig. 4a,b). from the heater. Temperature sensors should be placed
on up-and downstream locations with a large ∂T / ∂vm. These are located typically around a distance z away from the heater.
For increasing v the densification of the isothermal lines will enter the gap between the heater plate and the walls. If the
boundary layer extends across a significant length xc = a⋅L into the gap, then the heat conduction will significantly increase
(Fig. 4c and Fig. 5). In the region where the boundary layer is thinner then z, the temperature gradient in both +z and -z
direction next to the plate increases.
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Figure 5: For sufficiently high flow speed (in +x direction) the densification of the isothermal lines enters the gap between the heater plate
and the walls. The boundary layer touches the wal at a distance xc from the leading edge of the plate. The heater plate has a length L and
the gap between  the plate and the cold walls is z.

Using eq. (7) for the thermal boundary layer thickness it follows easily that the convective cooling becomes significant for:
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( b < 1, Pr ≥ 1)                               (15)

Where b = z / L, and d a dimensionless constant (≈5). We should note that the boundary layer theory presented before is
based on a uniform flow velocity outside the vicinity of the plate, therefore in this configuration (inside a channel) it can



only be used for an estimation. Also we assume that Re is low enough to have laminar flow. In the anemometer regime (a >
1), the boundary layer is the gap size across which ∆Th = Th - T0 drops (fig. 4d,e). According to eq. (7) the thickness of the
whole boundary layer decreases with 1/√Re, and therefore the heat transfer increases with √Re (King’s Law). Qualitatively it
is now easy to draw  ∆T = Td - Tu vs. v for the heated plate with an up-stream temperature sensor (at Tu) and a down-stream
temperature sensor (at Td), located appr. at a distance z from the heater plate (fig. 6). The linear part for small v corresponds
with fig. 4a,b, the part which follows the 1/√Re behavior corresponds with fig. 4d,e.
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Figure 6: a) Heated plate from fig. 4 and 5 in combination with an up-stream and down-stream temperature sensor (at Tu and Td

respectively). b) ∆T = Td - Tu vs. v and ∆Th = Th - T0 vs. v for  this configuration driven at constant heating power. c) Measured ∆T vs. v
for water, constant heating power [8].

To calculate the temperature distribution in a flow sensor, it is sometimes possible to use a one-dimensional linear
differential equation for the heat transport. In combination with an appropriate form of eq. (10) it is then easy to derive
explicit expressions for the temperature distribution as a function of the flow velocity [8,19].

Estimation of sensor sensitivity
The sensor sensitivity in the end depends on the signal to noise ratio at the sensor output. This of course depends on thermal
and flow configuration, fluid properties, heating power, as well as the temperature sensors and read-out electronics used.
Here we only estimate the sensor sensitivity S∆T = ∂ (∆T) / ∂vm, where ∆T is the temperature difference between the down-
stream and the up-stream temperature sensor. For a given configuration S∆T is a function of the fluid properties, and is
proportional to the relative heater temperature ∆Th=Th - T0. If we assume that ∆Tmax = ∆Th (up-stream -1/2 ∆Th and down-
stream +1/2 ∆Th) and that this maximum is reached at vmax as determined by eq. (15) for the onset of convective cooling, we
find with b = 0.2 and a = 0.2:
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From eq. (16) it follows that for the same ∆Th the sensitivity for liquids is usually much higher than for gasses (for water
and air at 293 K the ratio is 53). However, the larger heat conductivity of liquids generally leads to lower heater
temperatures ∆Th, so practically a large part of the difference in sensitivity is lost.

Typical calorimeteric flow sensor configurations
In principle calorimetric flow sensors can be made using one heater and one temperature sensor located either up-steam or
down-stream of the heater (fig. 7a). The disadvantage of this configuration is that the absolute temperature is measured,
which makes this configuration sensitive to variations of the temperature of the medium and/or the heat sinks. To reduce
this undesirable sensitivity it is advantageous to do a differential measurement, using a temperature sensor to measure the
temperature of the fluid far away from the heater (fig. 7b) [20]. This reference sensor can also be placed near the heater, so
that its signal contributes to the output signal (fig. 8). The number of transducer elements in this configuration is three. Note
that in fig. 9c the heater and sensor bridges are separated. This is done to reduce the parasitic conductance from the heater to
the sensors through the bridge. Due to this conductance, the configuration of fig. 9b had a reduced sensitivity, especially
with air as the flow medium [8]. The number of transducer elements can be reduced if the heater and temperature sensor are
spatially integrated. A configuration with two sensor/heater elements is then enough to do a differential temperature
measurement (fig.9). Due to the linearity of the heat transport equation, it is allowed to superimpose the temperature profiles
of the two heaters driven at known heating powers. In this configuration the heater temperatures become dependent on the



flow velocity, also in the low velocity regime, because of the mutual sensitivity of heater/sensor 1 on the temperature profile
generated by heater/sensor 2, and vice-versa. With resistive elements, heater and sensor can be integrated in one and the
same wire. For both the amplitude of the temperature elevation (heater function) as well as the temperature sensor
sensitivity, it is then advantageous to choose a large current [21]. In a three beam configuration, where heater and sensor
function are spatially separated, the sensing current should be kept small, in order not to disturb the temperature distribution
generated by the heater. The larger possible measurement current in the two beam configuration gives a higher possible
signal to noise ratio. In fig. 9b,c the heaters and sensors close together, but still separated. In fig.14, section 5, a two beam
sensor with heating/sensing function integrated in one wire on each beam is shown.
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figure 7: a) Calorimetric flow sensor with one heater and one temperature sensor. b) To reduce the sensitivity to variations in the
incoming fluid temperature, it is advantageous to do a differential measurement, using a temperature sensor to measure the temperature of
the fluid far away from the heater [20].
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Figure 8: a) the reference temperature sensor can be placed near the heater to contribute top the output signal b) SEM-photograph of the
micro flow sensor structure with three meander shaped thin film resistors[8] c) Three element flow sensor, with separate bridges to reduce
heat conduction between the elements [19].
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Figure 9. a) Up-and down-stream sensors and heaters are spatially integrated b) Cross section of a two beam flow sensor, with
heater/sensor pairs combined on two bridges. c) SEM-photograph of this two beam sensor. The resistors are supported by 80 µm wide
silicon nitride bridges at 40 µm distance from each other [19].



3. Thermal-Electric Transducers

Temperature sensors are discussed only briefly here. We refer to Meijer [22] for an extensive general overview, Jiang [23]
for extensive treatise on thin film thermistors, and Castano [24] for high figure of merit thin-film thermocouples. Three
widely used transducer principles are compared in table 2: The RTD (Resistance Temperature Detector), Thermistor and
Thermocouple.

Thermocouple RTD Thermistor
Temperature range -400..1500 0C -200 .. 850 0C  -50  200 0C [1]

linearity 0 ++ --
stability -- ++ 0
Sensitivity -- [2] 0 [2] ++ [2]

Consist from Metals and/or
semiconductors

Metals Semiconductors

Temperature
reference needed ?

Yes No No

Transducer type Generator Modulator Modulator
Physical background Seebeck effect Electron scattering by

lattice vibration
Free carrier generation

Temp measurement Differential Absolute Absolute
Table 2: Data on temperature sensing principles compared.
[1] Estimated from [25]
[2]  See text for discussion

Important issues for selection are the difficulty of fabrication, range, sensitivity and signal to noise ratio’s of the respective
principles. Based on own experience we restrict the discussion to a comparison of RTD and thermocouples. The differences
in physics involved make a comparison on sensitivity difficult. However when assumptions are made about maximum
voltages and circuits used, one can compare the sensitivity. For the RTD it can be shown that with a relative temperature
coefficient of 1..5 10-3 [K -1] and a maximum supply voltage of about 10 [V] the voltage variation caused by a certain
temperature variation in a simple wheatstone geometry is about 10 to 50 [mV/K]. In comparison, a single all metal
thermocouple will produce 10 to 100 [µV/K]. Off course a thermocouple of semiconductor material in combination with a
metal has a much higher sensitivity of about 500 to 1000 [µV/K]. But even those thermocouples have to be arranged in a
pile formation to obtain a sensitivity as high as the RTD. The noise-voltages and -currents for both thermocouple and RTD
may expected to be mainly Johnson (or resistance noise), as described by the following equation:

fRTkUn ∆⋅⋅⋅⋅= 42 (17)

With Un the average noise voltage amplitude, k Boltzmann's constant, and ∆f the bandwidth [Hz]. If we assume  that
thermopiles have a larger length when compared with  RTD’s (because they have to connect to a hot and a cold side), then
the thermocouple metal should have either a larger thickness or width, in order to have an equivalent amount of noise. In
conclusion, thermopiles will often take-up a significant larger space than RTD’s. Based on the previous discussion, we may
conclude that:
• Thermocouples are advantageous for a reduction of offset (only output voltage when a temperature difference is

present)
• When its possible to stack many couples into a pile it’s possible to obtain a high sensitivity but in general this means a

relatively large transducer will be created.
• The RTD is advantageous to be used when small space is available, or absolute temperature measurement is required.



4. Measurement Methods and Systems
Within a thermal flow sensor configuration we need at least two transducers, a heater and a temperature sensor. The direct
function of the heater is the generation of heat. This heat will result in a flow dependent temperature distribution with
respect to space or time. Here we focus on time-independent (DC-flow modulated) temperature distributions. The function
of the temperature sensor than is to monitor the temperature at a specific point in space. So the thermal flow sensor can be
regarded is a stimulus-response measurement system which generates information about the flow (fig. 10).

Process

Fluid flow

Sensor Configuration

Stimulus Response

Figure 10: Thermal flow sensor as a stimulus-response system which generates information on the fluid flow. The stimulus consists of
one or more power signals to the heaters and a resulting energy transport. The response of the configuration consists of one or more flow
modulated temperature signals.

There is a wide variety of sensor systems with different ways of generating the stimuli and ways of measuring the response.
The sensor systems can be categorized according to the way the different transducer signals are measured and controlled. A
detailed analysis of various flow measurement systems and concepts is given by van Oudheusden and Lammerink [19, 20].
In this section we will discuss three basic sensor concepts.
In a CPA (Constant Power Anemometry) sensor system the power signal to the heater is kept at a constant value (see figure
11). With a constant power, the temperature sensor signal will decrease with increasing flow velocity v.
The fluid flow can be determined from the difference between the output signals from temperature sensor T1 (signal U1) and
from ambient temperature sensor Ta (signal Ua), which then is calculated back (via mCP and P1) to obtain v*. By using a
small signal analysis Lammerink showed that a variation of the output signal dv* becomes independent from an ambient
temperature variation dTa, when the temperature sensor sensitivities m1=dU1/dT1 and m2=dU2/dTa are the same, while the
temperatures T1 and Ta are different. The temperatures T1 and Ta can be measured with two absolute temperature sensors or
with one differential temperature sensor (see section 3). In many CPA sensor systems a simpler approach is followed. Either
the voltage or the current through the heater is kept constant and the variation in the applied power is corrected for.
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Figure 11: a) The physical model of the CPA sensor configuration according King’s law. b) System structure of the CPA flow sensor
system with the sensor configuration and the read-out electronics.

In a CTA (Constant Power Anemometry) sensor system the temperature (signal) of the temperature sensor T1 is kept at a
constant value above the ambient temperature Ta by means of an electronic controller (see figure 12). The heating power P1

needed to keep the temperature sensor at a constant value above ambient will increase with increasing flow v.
With sufficient large gain of the control loop (β in figure 12b) the needed heating power P1* is a measure for the flow. The
fluid flow can be determined from the P1* signal, which then is calculated back (via mCT and Uoffset) to obtain v*. The sensor
systems ouput signal v* does not depend on the sensitivity m1(T1)=dU1/dT1 of the temperature sensor. Again it can be shown
that a variation of the output signal dv* becomes independent from an ambient temperature variation dTa, when the
temperature sensor sensitivities m1=dU1/dT1 and m2=dU2/dTa are the same, while the temperatures T1 and Ta are different.
The temperatures T1 and Ta can be measured with two absolute temperature sensors or with one differential temperature
sensor (see section 3).
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Figure 12. a) Physical model of the CTA sensor configuration, according to King’s Law. The power needed to keep the temperature
sensor at a constant value above ambient will increase with increasing flow v. b) System structure of the CTA flow sensor system with the
sensor configuration, the electronic control loop and the read-out electronics.

In a TBA (Temperature Balance Anemometry) sensor system temperature signals from temperature transducers are kept
equal with help of a differential control loop (see figure 13). With the two temperatures T1 and T2 equal, and assuming a
linear thermal behavior of the sensor configuration, the relative power difference (P1-P2)/(P1+P2) of heater/sensor P1/T1 up-
stream relative to heater/sensor P2/T2 down-stream will increase with increasing flow velocity v (figure 13a).  Again with
sufficient large gain β of the now differential-control loop the differential power signal ∆P* is a measure for the flow and
will be independent from the temperature sensor sensitivities m1=dU1/dT1 and m2=dU2/dT2. The fluid flow can be
determined from the signal ∆P* which is calculated back (via mTB and Pt=P1+P2) to obtain v*. Now an output signal
variation dv* becomes independent from an ambient temperature variation dTa, when the temperature sensor sensitivities m1

and m2 are the same, while the temperatures T1 and T2  kept equal due to the control loop. This implies that non-linear
(though symmetrical) temperature sensors can be used. The temperatures T1 and T2 can be measured by either two absolute
temperature sensors or a thermocouple (see section 3). An advantage of a thermocouple as a temperature sensor is that it has
an intrinsic zero offset which means that m1(T)=m2(T) for all temperatures T. First experiments on the TBA concept were
done by Lammerink in which he verified the concept [19]. He also demonstrated a relative simple to implement oscillating
differential-power controller.
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Figure 13: a) The physical model for the relative power difference P1-P2/Pt assuming a mutual thermal interaction and linear thermal
behavior.  b) System structure of a TBA sensor system with the sensor configuration, the differential control loop and the readout
electronics. The total power Pt=P1+P2 distributed by the control loop is kept constant.



5. Acoustic Measurements

The Microflown is an acoustic sensor based on the calorimeter principle [26]. Nowadays sound-energy determination, array
and three-dimensional impulse response are under investigation. Although the Microflown is invented relative a short time
ago [27]), the device is already commercially available [28]. Since its invention it is mostly used for measurement purposes,
1D and 3D-sound intensity and acoustic impedance determination [29]. Instead of sound pressure, the Microflown is
capable of measuring particle velocity, which is closely related to (sound) pressure gradient. So in an audio perspective the
Microflown can be seen as a pressure gradient microphone (with a figure-of-eight directivity pattern) that has a good signal
to noise ratio from 0Hz up to 1kHz. For frequencies higher than 1kHz the frequency response has a decay. The Microflown
itself consists of two very closely spaced thin wires (spacing 350µm) of silicon nitride with an electrically conducting
platinum pattern on top of them. SEM photographs of two types of  Microflowns is depicted in fig. 14. The size of the two

wires is 1000×10×0.5 µm (l×w×h). The metal pattern is used as temperature sensor and heater. The silicon nitride layer is
used as a mechanical carrier for the platinum resistor patterns. The sensors are powered by an electrical current, causing the
sensors to heat up. For small enough particle velocity amplitude (< 1 m/s or 146 dB PVL, re. 50 nm/s) the temperature
difference of the two cantilevers is linear dependent on the particle velocity. The measured temperatures in a Microflown in
operation are shown in fig. 15. The difference signal of both sensors represents the particle velocity, and the sum (the
common temperature) the convective cooling down of the device.

a) b)
Figure 14: a) SEM Photo of a part of a bridge type of Microflown. At the top of the sample a wire-bond is visible. The sample is glued on
a printed circuit board, the glue can be seen at the side of the sample. b) SEM photo of a cantilever type of Microflown.

Figure 15: The (measured) temperatures of the Microflown as result of a particle velocity wave [30]. A particle velocity wave will cool
down both sensors in a different manner. The difference signal of both sensors represents the particle velocity, and the sum (the common
temperature) the convective cooling down of the device.



sensitivity
The sensitivity of a Microflown element itself is defined by the differential resistance variation of both sensors due to a
particle velocity of 1m/s; that is 146dB PVL re. 50nm/s. At a power dissipation of 40mW to 60mW the sensitivity of a non-
packaged Microflown is about 35‰; when packaged, the sensitivity rises about 15dB (5.5×) to 200‰. At 94dB (the
acoustic reference level) the particle velocity is 2.5mm/s, the differential resistor variation at this velocity is 0.5‰.
Calculations show that at low frequencies the Microflown should have a theoretical maximal S/N of  (P=20mW per sensor,
Tsensors=600K, the sensitivity at 94dB is ∆R/R=0.5‰) [21]:
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Measured frequency response
As an example, the frequency response of a so-called add-on Microflown [31] is depicted in fig. 16. It has been measured
under anechoic conditions which means that sound pressure and particle velocity can be compared with each other in a
proper way. The add-on Microflown is a studio microphone that is used to transduce the lower part of the audio bandwidth
(16Hz-250Hz) since pressure gradient microphones are not able to cover this part.

Figure 16: Frequency response of an add-on Microflown (with low pass-filter at 250Hz) [31].

Measured noise
To get an insight of the noise behaviour of the Microflown, no external and internal filtering has been utilised for the
spectral density measurement. As can be seen in fig. 17, the spectral noise density of the add-on Microflown is about
-102dBV at lower frequencies. The sensitivity was adjusted to 1V/94dB (94dB equals 2.25mm/s), the signal to noise ratio is
measured 102dB/√Hz in stead of the 113dB/√Hz that was expected from theory (sensor+pre-amplifier). As can be seen the
noise density is increasing at lower frequencies. It may be that some acoustic noise influenced the noise measurements. In
conclusion, in a 1Hz bandwidth, 22.5nm/s is the equivalent noise level, which is a lower limit for the sensitivity.
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Figure 17: Noise density of the add-on Microflown [31] (the sensitivity of microphone was adjusted to 1dBV per Pascal).

6. Towards pL/s resolution
We are working on flow sensors for application in MICS (Micro Chemical Systems). Guiding dimensions for this
application are (liquid handling): Reaction volumes in the order of  (0.1 mm)3, available driving pressures of 0.1 Bar and
volume flows up to 1 nL/s. This latter flow rate corresponds with a flush-time of 1 s for the (0.1 mm)3 volume. The flush-
time is chosen in correspondence with typical reaction times of diffusion limited processes on sub-mm scale [32]. The 1
nL/s flow in combination with a  maximum pressure drop of 0.1 Bar, yields an allowed flow resistance R = 1⋅1016 Nsm-5 of
the flow sensor. For water this corresponds with a channel with length of 0.6 mm, width of 100 µm, and a height of 2 µm.
For fabrication of liquid handling systems with these narrow channels we are working on a surface micromachining based
technology (fig. 18): It is based on deposition and patterning of thin films of polysilicon and silicon nitride. Deep, low
resistance connection channels are made by KOH etching of the silicon substrate wafer. This etching is preceded by KOH
etching of a sacrificial polysilicon layer [33].

a

c

b

d

SiN

Si

poly-Si

Figure 18: Etching of narrow channels and v-grooves using sacrificial layer etching of polysilicon. a) Polysilicon is sandwiched between
two silicon nitride layers for making a narrow channel, and only covered on top with silicon nitride for making the v-grooves. b) The
polysilicon etches, and exposed silicon of the substrate etches as well to form the v-grooves. c) The KOH reaches the polysilicon
sandwiched between two silicon nitride layers. The narrow channel is etched. d) The narrow channel has been completed.

Figure 19: Top view of a channel with v-grooves, etched over a length of 1.1 mm. The lateral etch-rate was 1.6 µm/min., 25 wt% KOH at
74 °C. The polysilicon in this experiment was 2 µm thick.

start of etching



Experiments show that it is possible to etch a 2 µm polysilicon layer sandwiched between two silicon nitride layers across
distances up to 2 mm (fig. 19), without significant decrease of the etching speed with increasing length of the polysilicon
track. The measured lateral etch-rate of the polysilicon is 1.6 µm/min. in 25 wt% KOH at 74°C, both for sandwiched
polysilicon and v-grooves. Based on the example with a channel heigth of 2 µm and a channel width of 100 µm, a volume
flow of 1pL/s corresponds with an average flow velocity of 5 µm/s in the flow sensor. Compared to the 23 nm/s equivalent
noise level in air of the microflown this indicated that pL/s is feasible. Note that for the same temperature elevation the
sensor is more sensitive for water as a medium. However, the hundreds of Kelvins temperature elevations are not feasible in
water. Practically the sensitivity will be comparable for air and water.

7. Conclusions
For a proper design of thermal flow sensors it is important to look both at the internal flow and thermal properties, as well as
the external properties of the flow sensor as a hydraulic system component. Beside thermal modeling, significant part of the
paper has therefore been devoted to the hydraulics of micro flow sensors. Using the knowledge of the hydraulics it is
possible to decrease the diameter of the flow channel of the sensor, in order to increase the flow velocity for a given volume
flow. In the modeling section we showed why the calorimetric flow sensor has a linear response ∆T(v) for small v: The zero
flow temperature distribution is disturbed in such a way that  (for a symmetrical configuration) the up-stream decrease of
the temperature equals the down-stream increase of the temperature. The overall heat transfer from the heater to the heat
sinks therefore remains constant. This implies that for low Re a modification of King’s Law has to be considered. The heater
cools down by convection only when the non-linear disturbances come into play. Different measurement methods have been
discussed: absolute, differential, constant power, constant temperature, and thermal balance measurements. The latter
method has an attractive property for high sensitivity applications: It allows the use of non-linear temperature sensor
elements. From our experience with thermal flow sensors used as microphone, we can estimate practically attainable
sensitivities: The microflown measures air-flow velocities lower  than 1 µm/s. In combination with the fabrication
technology we are working on for the fabrication small volume micro-chemistry systems, this gives a promising perspective
for the reach of pL/s sensitivity.
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