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bstract—A silicon micromachined flow sensor composed of a
qum heater and four thermopiles surrounding the heater is de-
ped. Two of the four thermopiles placed up and downstream in
flow measure the amount of heat carried by the fluid, while the
or two arranged perpendicular to the flow direction monitor,
heat transferred from the heater to the fluid. This architecture
ws the normalization of output of the up and downstream ther-
piles by the monitored output. Experimental results show that
normalization is quite useful for achieving a rangeablity as wide
21000 and also for reducing temperature and pressure depen-

dex Terms—Flow sensor, heat transfer, normalization, silicon
sromachining, thermopiles.

I. INTRODUCTION

NLOW meters based on heat transfer allow mass and pres-
;‘ sure-loss-free flow measurements. Their principles of mea-
ement can be divided into two methods: One is hot-wire
smometry, which is widely applied to omni-directional flow
asurements [ 1]—[4]. The other is the heat propagation method
, [6]. This method requires temperature sensors in addition
a heat source, but arranging two temperature sensors sym-
trically with the heat source allows the directional measure-
ent of laminar flow. Therefore, the propagation method facil-
tes measurement of accumulated flow quantity, even if the
ow is pulsating. To widely apply this method in gas-meters,
icromachining technologies are used to fabricate a heater and
mperature sensors on a silicon chip [7]-[9]. As a temperature
nsor for such a micromachined flow sensor, a fine platinum
ire formed by deposition is used for easy fabrication.

‘The amount of heat Q transferred from the heat source to a
uid is empirically given by

Q= (A+Byv)(Tu — Ty) (D

here A and B are constants depending on thermal properties
Of the fluid, v is fluid velocity, and T}, and T are heater and
"‘ luid temperatures, respectively [2]. To reduce temperature de-
pendence and thereby increase rangeability, the temperature dif-
rence, T}, — T , should be kept constant and the sensor should
] tect the temperature change due to the heat transferred by the
.' luid [10]-[12]. Constant temperature-difference operation of
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Fig. 1. Microphotograph of the micromachined flow sensor.

fluid temperature and makes for a complicated heater drive cir-
cuit. If the heat carried by the fluid is normalized by the heat
transferred to the fluid, a reduction in temperature dependence
is possible with a much simpler drive circuit [13]. As for the
temperature sensor to measure the heat, a thermopile is superior
to a platinum wire because it generates an electromotive force
(EMF) proportional to the temperature difference between the
hot and cold junctions. Based on these ideas, a micromachined
flow sensor using four thermopiles has been developed [14],
[15]. A description of its structure and performance follows.

II. FLOW SENSOR

Fig. 1 is a photograph of the micromachined flow sensor de-
veloped. The chip measures 2 mm X 2 mm and is composed
of the heater and four thermopiles surrounding it. The heater is
formed by depositing platinum onto the central part of an elec-
trically and thermally isolated silicon diaphragm. The two ther-
mopiles, TP; and TP, which are arranged along the flow di-
rection to measure the heat carried by the fluid, consist of 23
stacked thermocouples. The other two, TP3 and TP,4, which
are arranged perpendicular to the flow to monitor the amount
of heat transferred to the fluid, consist of nine stacked ther-
mocouples. Each thermocouple consists of platinum and highly
boron-doped silicon. The hot junctions are arranged on the di-
aphragm and the cold junctions on the thick substrate. The sub-
strate has high thermal conductivity and the cold junctions are
assumed to stay at the fluid temperature.

III. SENSOR PERFORMANCE

A. Experimental Conditions

Fig. 2 shows a cross-section of the duct used to evaluate
the micromachined flow sensor performance. This sensor is
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Fig. 2. Cross-sectional view of the duct used for characterization of the
micromachined flow sensor.
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Fig. 3. Thermal bridge for the heater to operate under constant
temperature-difference mode.

installed on the ceiling of this duct. The fluid is air and four
plates parallel to the flow are used for lamination. Assuming
the characteristic length L = 3.6 mm, the Reynolds’ number
of the fluid path is about 2,000 at a flow rate of 2,000 I/h.
Measurements are carried out at 25 °C, 101.325 kPa. A float
type flow meter using a monolayer film of soap on water
surface is used to measure flow rates up to 600 I/h. For higher
flow rates up to 12000 I/h, a mass flow meter based on heat
transfer by a fluid is used as a reference.

For constant temperature-difference operation, an improved
thermal bridge is used to drive the heater. Fig. 3 shows its circuit
diagram. In this circuit, R, is a platinum resistor with the same
temperature coefficient x as that of the micromachined heater
Rp. Assuming that R, is in thermal equilibrium with the fluid,
one can easily derive the following relation:

Ra Rho
At i Rc-Rb R R.
where Rj,, is the heater resistance at T¢. This relation indicates
that AT can be arbitrarily set by means of R..

An instrumentation amplifier is used to take the difference
in the electromotive force (EMF) between up- and downstream
thermopiles. The EMFs of the two thermopiles placed perpen-
dicular to the flow, on the other hand, are summed to be the
monitor output. In the following figures, the difference in the
EMF is denoted by V1 and the monitor output by V2.

2

B. Flow Characteristics

Fig. 4 shows output voltages of the thermopiles as a function
of flow rate. For flow rates up to 100 I/h, V1 is proportional to
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Fig. 4. Output voltages of the thermopiles as a function of flow rate.
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Fig. 5. Normalized outputs as a function of flow rate.

flow rate and V2 remains constant. This indicates that the heal
transferred from the heat source to the fluid is independent of
fluid velocity and conventional hot-wire anemometry is inappli-
cable to such a low flow rate measurement [2]. Because of con-
stant heat transfer to the fluid, the same result is also observed
in the constant voltage drive of the heater. For flow rates highet
than 100 I/h, V1 tends to saturate and V2 decreases monotoni=
cally with flow rate. This indicates that lower flow rates can bé
measured by V1 and higher flow rates by V2. Fig. 5 shows the
normalized output V1/V2 as a function of flow rate. As can be’
seen, the rangeability for +3% reading error is 1:1000, which
is much wider than that of a conventional micromachined fl
sensor using platinum wires as temperature sensors [8].

Figs. 4 and 5 also compare the performance of two sensofs:
A and B, fabricated by the identical process. A discrepancy
about 10% can be seen in both V1 and V2. This is attribu
mainly to the difference in the heater resistances. No appr
ciable discrepancy can be seen in the normalized output plo
in Fig. 5, however, indicating that the normalization succes$"
fully cancels heater dependence.
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. Pressure dependence of the micromachined flow sensor.

Heater Power Dependence

ig. 6 shows the dependence of the flow characteristics
ieater voltage. Since the heater is driven in the constant
erature-difference mode, the difference between heater
fluid temperatures increases with heater voltage. Voltage
Increases almost linearly with heater voltage, as can be
Lin Fig. 6(a), but the dependence is greatly reduced by the
nalization, as shown in Fig. 6(b). The low sensitivity of
normalized output to heater voltage suggests that constant
erature-difference operation of the heater can be replaced
L much simpler constant voltage drive without temperature
ndence deteriorating.

“ressure Dependence

7 shows the dependence of the flow characteristics on
ure. No pressure dependence is observed in the range
N atmospheric pressure to 0.8 MPa. In these measurements,
~mm diameter cylindrical duct is used as the fluid path
Vithstand high pressure. The same flow meters described
ier are used to measure flow rate.

{émperature Dependence

2. 8 shows the dependence on fluid temperature. Temper-
€ dependence still remains in the normalized output. The
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Fig. 8. Temperature dependence of the flow sensor.

measurements were repeated for 100 units, and it was found
that all units have the same temperature dependence that can
be compensated by a linear function of temperature. The slope
of the linear function was found to be approximately 0.2%/°C
in the range from —25 °C to +60 °C.

The EMFs of the thermopiles are independent of pressure, but
depend linearly on fluid temperature. The temperature depen-
dence of 100 units was found to be the same despite differences
in heater resistances. These experimental facts indicate that tem-
perature dependence is caused solely by thermal properties of
the fluid. The effect of the thermal conductivity is canceled by
the normalization, as demonstrated in Fig. 5. Therefore, the fluid
viscosity is considered to be the main factor responsible for tem-
perature dependence.

To confirm the validity of the above deduction, data in Fig. 8
are replotted in Fig. 9 as a function of the Reynolds’ number.
The Reynolds number Re is given by

L
Re = pv— (3)
n
where p and 7 are the density and viscosity of the fluid, re-

spectively. The Reynolds’ number Re represents mass flow rate
pv normalized by the viscosity 7). As expected, the normalized
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Fig. 9. Normalized outputs as a function of Reynolds’ number.
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Fig. 10. Temperature dependence of the offset outputs.

output V; /V, in Fig. 9 is independent of fluid temperature over
the range —25 °C to +60 °C. The viscosity is not a linear func-
tion of temperature but proportional to the square root of the ab-
solute temperature. Nevertheless the normalization by the vis-
cosity cancels the linear temperature dependence. This means
that the viscosity can be well approximated by a linear function
of temperature in the practical temperature range.

F. Offset Drift

The offset voltage in the EMF depends on the detailed struc-
ture of the sensor and also on fluid temperature. Fig. 10 shows a
typical temperature dependence of the offset voltage. The ordi-
nate indicates the offset voltage normalized by that at 25 °C. In
the figure, temperature dependence of the offset in the normal-
ized V1/V2 output is also plotted. Comparing the two plots, one
notices that the normalization is also useful for reducing tem-
perature dependence, thereby resulting in more accurate mea-
surements of low flow rates.

IV. CONCLUSION

A silicon micromachined flow sensor composed of a plat-
inum heater and four thermopiles was described. Evaluated
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performance using air as the fluid has shown that normalizjy
outputs of the downstream and upstream thermopiles, TP, and
TP, by that of the heat monitoring thermopiles, TP3 and Tp o)
is quite useful for realizing the wide rangeability and alsg for
reducing temperature and pressure dependence. The validity
of the normalization has also been confirmed for hydrocarbon'
gases. The lowest measurable flow rate is limited by nojge
Improving the signal-to-noise ratio by increasing heater power
and supply voltage of the signal processing circuit will furthe
expand the rangeability.
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