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The sensitivity of a thermal flow sensor is investigated in this study. A simple numerical model for ana-
lyzing heat transfer phenomena in the thermal flow sensor is presented. In order to validate the proposed
model, experimental investigations are performed. Based on the results from the validated model, a cor-
relation that predicts the sensitivity of the thermal flow sensor is presented. From the correlation, the

manner in which the heat loss, the positions of the temperature sensors, the input power, and the heater
length affect the sensitivity of the thermal flow sensor is investigated.
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1. Introduction

The measurement and control of flow is critical in many engi-
neering applications, including semiconductor manufacturing pro-
cesses, chemical processes, and MEMS devices. The most widely
used flow sensor is a thermal flow sensor, which has the advantage
of a small size, a short response time, and low power consumption
[1]. The thermal flow sensor typically consists of upstream and
downstream temperature sensors and a heater located between
the two temperature sensors as shown in Fig. 1(a). The mass flow
rate is sensed via the temperature difference caused by the heat
transfer interaction between a heated sensor and a fluid stream,
as shown in Fig. 1(a) [2,3].

As shown in Fig. 1(b), the sensitivity of a thermal flow sensor is
defined as the derivative of the temperature difference with re-
spect to the mass flow rate at a zero flow rate. In other words,
the sensitivity is given as the following equation:

ITe(x = Ls) = Te(x = —Ls))
om

S= (1)

=0

As the sensitivity decreases, the ratio of the temperature differ-
ence to the mass flow rate decreases. If this temperature difference
becomes smaller than the resolution of the temperature sensors,
the thermal flow sensor cannot be used to measure the mass flow
rate. Therefore, sensitivity is a critical parameter in the design of a
thermal flow sensor. A number of researchers have studied the
sensitivity of thermal flow sensors. Lammerink et al. [4] presented
parameters that affect the sensitivity of a thermal flow sensor
using simple 1-D modeling. Sabate et al. [5], Roh et al. [6], and
Kim and Kim [7] experimentally showed the effects of the posi-
tions of temperature sensors and/or the heater power on the sen-
sitivity of the thermal flow sensor. However, their results were
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limited to a qualitative evaluation. There is no reliable data or cor-
relation by which it is possible to predict the sensitivity in the de-
sign of thermal flow sensors quantitatively.

The present study contends with the sensitivity of a thermal
flow sensor. In it, a simple numerical model of a thermal flow sen-
sor is presented. In order to validate the proposed model, experi-
mental investigations are performed. Based on the results from
the validated model, a correlation that predicts the sensitivity of
a thermal flow sensor is presented. From the correlation, the man-
ner in which the heat loss, the positions of temperature sensors,
the input power, and the heater length affect the sensitivity of
the thermal flow sensor is investigated.

2. Simple numerical model

To analyze heat transfer phenomena in a thermal flow sensor,
the physical domain of the thermal flow sensor is divided into
two regions: a sensor tube region and an inner fluid region. The en-
ergy balance for each region is represented by

d*T, 1 .

keAi—— +hiP(Tf = Tt) — o (Te = Tamp) +q' =0 (2)
dX Rr
T, . . dT

kafKZf - mcfd—xf +hP(T, —T;)=0 (3)

where T, T, A, h;, P, R, and ¢’ are the tube temperature, inner fluid
temperature, cross-sectional area, interstitial heat transfer coeffi-
cient, wetted perimeter of the tube, thermal resistance per unit
length for radial heat loss, and heat flux per unit length supplied
from the heater, respectively [8]. The first term on the left side of
Eq. (2) is the axial conduction term, and the second term represents
the thermal interaction between the sensor tube and the fluid. The
third term denotes the radial heat loss from the outer wall of the
tube to the surrounding area. Similarly, Eq. (3) consists of a conduc-
tion term in the axial direction, the enthalpy change term of the
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Nomenclature
A cross-sectional area, m?
C heat capacity, J/kg K

interstitial heat transfer coefficient, W/m? K

thermal conductivity, W/m K

distance from the center of the thermal flow sensor to

the end of the channel, m

Ly distance from the center of the thermal flow sensor to
the end of the heater, m

L distance from the center of the thermal flow sensor to
the temperature sensor, m

m mass flow rate of the fluid, kg/s

P wetted perimeter of the tube, m

q heat flux per unit length supplied from the heater, W/m

-

R: thermal resistance per unit length for radial heat loss,
m K/W

S sensitivity of the thermal flow sensor, °C/(kg/s)

T temperature, °C

X axial coordinate

Subscripts

amb ambient

f fluid

t tube

fluid, and the thermal interaction term. Boundary conditions are gi-
ven as follows:

Te(x = —L) = T(x = —L) = Tam 4)

Ty(X — 00) = Tj(X — oc) = 0 (5)

Governing equations are solved using the control-volume-based fi-
nite difference method. A power law scheme is used for discretiza-
tion of the conduction and convection terms. Discretization
equations are calculated using the ADI method. All numerical data
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Fig. 1. Operating principle of the thermal flow sensor. (a) Schematic layout of the
thermal flow sensor. (b) Typical output of the thermal flow sensor (not in scale).

in this paper were obtained using the numerical model presented
in this section.

3. Experimental validation

An experimental investigation was performed to validate the
proposed numerical model. A thermal flow sensor was manufac-
tured through simple microfabrication processes. Thin-film ther-
mocouples and a heater were fabricated on a quartz wafer in
sputtering processes. The heater consisted of nichrome and the
thin-film thermocouples have compositions that are identical to
those of standard K-type thermocouples. A channel consisted of
PDMS (polydimethylsiloxane). The quartz wafer and the PDMS
channel were bonded by using air plasma. Fig. 2 shows the thermal
flow sensor. Detailed fabrication processes are explained in Ref. [7].
As flow sensors are generally calibrated with nitrogen gas, nitrogen
gas was used as the operating fluid in this experiment. The purity

a

Fig. 2. Thermal flow sensor [7]. (a) Thin-film thermocouples and a heater deposited
onto a quartz wafer. (b) The thermal flow sensor integrated with a PDMS channel.
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of the nitrogen gas was 99.9993%. As shown, nitrogen gas passes
through the PDMS channel. A calibrated standard mass flow meter
was used to control the mass flow rate of the nitrogen gas in the
experiment. The range of the mass flow meter was from 0 to 100
SCCM (standard cubic centimeter per minute). The heater was
powered by a DC power supply with power of 0.8 W. The length
of the heater was 4.4 mm as shown in Fig. 2. There were nine tem-
perature sensors in a thermal flow sensor that measure the tem-
perature distributions on the bottom surface of the channel. The
distance between two adjacent temperature sensors was 4 mm,
as shown in Fig. 2. The temperature signals from the thermal flow
sensor can be measured directly using a data acquisition unit.
When obtaining the experimental results, experiments were con-
ducted five times.

4. Results and discussion

Fig. 3 shows the temperature distributions along the PDMS
channel. As can be seen in the figure, the results from the simple
numerical model are in fair agreement with the experimental re-
sults within a relative error of 10%. Therefore, the presented model
is suitable for predicting the sensitivity of a thermal flow sensor.
From Fig. 3, the heat transfer phenomena in the thermal flow sen-
sor can be explained. As shown in Fig. 3(a), the temperature distri-
bution is symmetric under a zero flow rate. When nitrogen gas
flows through the PDMS channel, the surface temperature of the
thermal flow sensor in the upstream section decreases while that
in the downstream section increases due to convection [2]. The
temperature of the thermal flow sensor reaches its equilibrium dis-
tribution when a balance exists among heat generation, flow con-
vection, axial conduction, and heat loss. This distribution becomes
asymmetric, as shown in Fig. 3(b) and (c). Moreover, a higher mass
flow rate implies a lower the surface temperature at the upstream
section of the channel and a higher surface temperature at the
downstream section of the channel. These phenomena are identi-
cal to the heat transfer phenomena occurring in the circular sensor
tube of the MFC (mass flow controller) studied by Kim and Jang [2].
Fig. 4 shows that the position of temperature sensors affects the
sensitivity of the thermal flow sensor. As shown in Fig. 4, the tem-
perature difference measured using the sensors located near the
heater is larger compared to that obtained using sensors located
further away from the heater for a fixed mass flow rate. This im-
plies that the sensitivity decreases as the distance between the
temperature sensors increases.

Finally, based on the numerical results, a correlation that pre-
dicts the sensitivity is obtained according to Eq. (1). The correlation
is given as

M = ex D + D L > (6)
q’c, PP T RAR,
where

_ [ Lh L; Ls 2
D, = |-462+ {2.04+15.8<L—S>}<f> - 1.2(T> }
D, = _7266+754 LY _1508(L 2+959 LY’

S L AL AL

[ L L\?
D; = 0.14+0.72 I —0.52 T

In Eq. (6), S(k:A,)?/qL*C; is the dimensionless sensitivity and
[*/k,AR, is the dimensionless radial heat loss. The correlation
based on the numerical results can be applicable for
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Fig. 3. Temperature distributions (input power = 0.8 W). (a) 0 SCCM. (b) 30 SCCM.

(c) 50 SCCM.

2
0.1 <kyﬁﬁ< 1000, O.2<Lf<0.6, 0.1 <L—’:<0.6 (7)
Fig. 5 shows the sensitivity obtained both from the numerical
results and from the correlation. The correlation predicts the
numerical results within a relative error of 10%. By using the pro-
posed correlation, the effects of the positions of the temperature
sensors on the sensitivity can be investigated. As shown in Fig. 5,



T.H. Kim et al./International Journal of Heat and Mass Transfer 52 (2009) 2140-2144

20
1 q=08W
18 Numerical Results
i LS/L =0.2
16 - L/ =04
1 L/ =06
14 1 Experimental Results
1 = L/L=02
129 o L/=04

A L/L=06

Temperature Difference [°C]
)
|

2143

- PP g I
- i i A L ............
1T e
J- ................
2 oY R R
T ' I | | |
0 10 20 30 " .

Flow Rate [SCCM]

Fig. 4. Relationship between the temperature difference and the flow rate.
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Fig. 5. Comparison between the sensitivity values from the correlation, the numerical results, and the experimental results.

heat loss is closely related to sensitivity. The sensitivity increases
as the heat loss decreases. In addition, when Lz/ktAtRr < 10, the
sensitivity increases as Lg/L increases. In contrast, when
Lz/ktA[Rr > 10, the sensitivity decreases as L;/L increases. As the
experimental condition in this paper is under L?/k.AR. > 10, the
experimental results show that the sensitivity decreases as L;/L
increases.

Fig. 6 shows the sensitivity for various L,/Ls and Ls/L value. As
shown in Fig. 6(a), when LZ/k[A[Rr < 10 the sensitivity increases
as Ly/Ls increases regardless of the value of L;/L. However, as
shown in Fig. 6(b), when L?/k,AR, > 10 the tendency of the sensi-
tivity is different from that of the sensitivity under the condition of
Lz/ktA[Rr < 10. Although the sensitivity increases as L,/Ls in-
creases, when L,/Ls; < 0.35, the sensitivity decreases as L;/L in-

creases. On the other hand, when L,/L; > 0.35, the sensitivity
increases as L;/L increases.

5. Conclusion

In this study, the sensitivity of a thermal flow sensor is studied. A
simple numerical model for analyzing heat transfer phenomenain a
thermal flow sensor is presented. Additionally, the proposed model
is validated by experimental data. Based on the verified numerical
model, a correlation that predicts the sensitivity of a thermal flow
sensor is obtained. From the correlation, it is shown that the heat
loss, the positions of temperature sensors, the input power, and
the heater length affect the sensitivity of a thermal flow sensor.
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