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Abstract

In the present work, a simple numerical model for steady-state heat transfer phenomena occurring in the sensor tube of a thermal
mass flow meter (TMFM) is presented. In order to validate the proposed model, extensive experimental investigations are performed.
Based on the results from the validated model, a correlation for predicting the linear range of the TMFM is presented. Finally, the effects

of engineering parameters on the linear range are investigated.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The measurement and control of gas flow is critical in
many engineering applications, including semiconductor
manufacturing processes and chemical processes. Thermal
mass flow meters (TMFMs) are most widely used for mea-
suring mass flow rates in the semiconductor industry [1]. A
TMFM typically consists of a sensor tube, a bypass (main)
tube, and an electric circuit. A sensor tube in a TMFM is a
long, slender stainless steel capillary tube with the heating
and temperature-sensing wires wrapped around it as shown
in Fig. 1(a) [2]. A typical temperature difference between
the two temperature sensors is presented in terms of the
flow rate in Fig. 1(b). The temperature profile of the sensor
tube is symmetric at the zero flow rate. In the linear range,
the temperature difference linearly increases with increasing
the flow rate. This allows for measurement of the flow rate
through the sensing of the temperature difference. How-
ever, as the flow rate increases further, the temperature dif-
ference attains a maximum value and then decreases with
increasing flow rate which causes a TMFM to be no longer
useful in measuring the flow rate.
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It is obvious that the linear range is one of critical
parameters for designing TMFMs. In order to measure
various flow rates of gas streams, a TMFM should be
applicable to a wide range of the flow rates. The linear
range is typically narrower than 10 SCCM unless a bypass
tube is used. Therefore, there has been a great deal of
attempts to improve the linear range in the industry. How-
ever, there has not been a systematic study on the charac-
teristics of the linear range of the TMFM to the authors’
knowledge. Even though many research works on the
TMFM have been conducted by previous investigators
[3-8], they only focused on delineating fluid-flow and heat
transfer characteristics of steady-state heat transfer phe-
nomena in the sensor tube. There are no reliable data or
correlations by which one can predict the linear range
quantitatively.

The present study deals with heat transfer phenomena in
a TMFM without a bypass device. In the present work, a
simple numerical model for the sensor tube of a TMFM
is presented. In order to validate the proposed model,
extensive experimental investigations are performed. Based
on the results from the validated model, the effects of engi-
neering parameters on the linear range of the TMFM are
investigated. Finally, a correlation for predicting the linear
range is presented.
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Nomenclature

A cross-sectional area, m?

C heat capacity, J/kg K

D;, inner diameter of the tube, m

Dot outer diameter of the tube, m

L distance from the center of the sensor tube to the
end of the sensor tube, m

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

L distance from the center of the sensor tube to the
Sensor, m

m mass flow rate of the fluid, kg/s

Ariyy linear range, kg/s

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

T temperature, °C

x axial coordinate

Subscripts

amb  ambient

f fluid

t tube

2. Simple numerical model

To analyze heat transfer phenomena in the sensor tube,
the physical domain of the sensor tube is divided into two
regions. One is a sensor tube region, and the other is an
inner fluid region. The energy balance for the each region
is represented by

kA—d2T1+h-P(T7T)71(T7T )+4q =0 (1)
t tdxz i f t R_r t amb q =

d’ry . drT
kaszf — mCtEf + hiP(Tt - Tf) =0 (2)

where T, Tt, A, h;, P, R,, and ¢ are tube temperature, inner
fluid temperature, cross-sectional area, interstitial heat
transfer coefficient, 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. The
first term on the left-hand side of Eq. (1) is the axial con-
duction term, and the second term accounts for thermal
interaction between the sensor tube and the fluid. The third
term denotes a radial heat loss from the outer wall of the
tube to the surroundings. Similarly, Eq. (2) consists of
the conduction term in the axial direction, the enthalpy
change term of the fluid, and the thermal interaction term.
Boundary conditions are given as

Tt(x:_L):Tf(x:_L):Tamb (3)
Ti(x = 00) = Ti(x — 00) = 0 (4)

Governing equations are solved by the control-volume-
based finite difference method. A power law scheme is used
for discretization of the conduction and convection terms.
Discretization equations are calculated by the ADI meth-
od. All numerical data in the paper are obtained by using
the numerical model presented in this section.

3. Experimental validation

An experimental investigation was performed to vali-
date the proposed numerical model. The total experimental
apparatus is shown schematically in Fig. 2(a). The nitrogen

gas passed through a capillary tube made of stainless steel
304 which had a total length of 91 mm L =45.5 mm. The
nitrogen gas was used in the present experiment because
typical TMFMs currently employed in semiconductor fab-
rication processes are calibrated with nitrogen gas. We
used capillaries with several inner and outer diameters.
The heating wire wound around the tube was made of a
nickel-chromium alloy (Ni:80%, Cr:20%), the resistivity
of which is independent of the temperature variations.
The length of the heater is 14.8 mm. The heater was pow-
ered by a DC power supply manufactured by Hewlett—
Packard. The sensor housing was connected to a vacuum
chamber. This chamber was evacuated by a mechanical
pump and an oil diffusion pump in order to eliminate the
heat loss due to natural convection from the sensor tube.
The gas flowed into the sensor tube from a pressure tank
through a metering valve and a solenoid valve. The meter-
ing valve was used for setting the volume flow rate. The
flow rate of gas was measured by a pre-calibrated TMFM
on the downstream side of the sensor tube. This TMFM
was Brooks Instrument model 5850. The uncertainty of
the TMFM in the range of these experiments was +1%.
We conducted experiments for the flow rate range from 0
to 50 SCCM (standard cubic centimeters per minute). Nine
thermocouples were attached to the outer surface of the
sensor tube for measuring the wall temperature distribu-
tions. The positions of thermocouples for temperature
measurement are shown in Fig. 2(b). The measured voltage
signals were acquired using a Hewlett—Packard E1326B
digital multi-meter and converted into temperatures using
Agilent’s VEE data acquisition and reduction software.
In obtaining the experimental results, we conducted exper-
iments 5 times.

4. Results and discussion

Figs. 3 and 4 show the temperature profiles along the sen-
sor tubes and the temperature differences between the
upstream and downstream sensors, respectively. As can be
seen from these figures, the results from the simple numer-
ical model are in fair agreement with the experimental
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Fig. 1. Measuring principle of the TMFM (a) Schematic layout of the sensor tube and (b) typical output of the TMFM (not in scale).

results. Therefore, the presented model is suitable for pre-
dicting the steady-state characteristics of the sensor tube
of a TMFM. From Figs. 3 and 4, heat transfer phenomena
in the sensor tube can be explained as follows. The temper-
ature difference between the upstream sensor and the down-
stream sensor is zero at the zero flow, because the
temperature profile along the sensor tube is symmetrical.
When the gas begins to flow, the incoming cold gas is heated
at the upstream section by the tube which is preheated by
the heater. When the flow rate is small enough to be in
the linear range, the gas temperature increases considerably
at the upstream section. In this case, the gas has a higher
temperature than the tube when the gas flows into the
downstream section. Heat transfers from the gas to the tube
along the downstream section as explained in Ref. [6]. Con-

sequently, as the flow rate increases, the upstream tube tem-
perature decreases and the downstream tube temperature
increases, which causes the temperature difference to
increase. On the contrary, when the flow rate is beyond
the linear range, the gas temperature hardly increases due
to its large flow rate. In this case, even when the gas flows
into the downstream side, the gas still has a lower tempera-
ture than the tube. Heat transfer from the tube to the gas
still occurs along the downstream section. Accordingly, as
the flow rate increases, the upstream and downstream tem-
peratures decrease together and the temperature difference
also decreases.

In this paper, the linear range is defined as the range of
the flow rate for which a flow meter produces a tempera-
ture difference linearly proportional to the flow rate. In
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Fig. 2. Experimental apparatus (a) Schematic diagram of the total experimental apparatus and (b) Positions of the heater and thermocouples.

other words, the linear range is given as the follow

equation.

1

—(Ty(x = =Ls) — T\(x = Ly))

m =iy
—O99i(T( =—L) - T\(x=Ly)) (5)
=Y t\X = s t\WX = Lsg Y

Based on the numerical results, the correlation for predict-
ing the linear range is obtained. The correlation is given as

ACiL L, L\’ ?

—1
L, L\ 1*
x(ym4—1%no<z)+1&no<z>«+<EE§Z>>

(6)

where AmCiL/k.A, is the dimensionless linear range and
L*/k AR, is the dimensionless radial heat loss. The correla-
tion based on the numerical results can be applicable for

2
0.1 <

Ls Lh
1000, 0.2<=2<0.6, 04<-"<06
fAR, =0 PES U6 BAS TS
(7)

Fig. 5 shows the linear ranges obtained both from the
numerical results and from the correlation. The correlation
predicts the numerical results within a relative error of
15%. By using the proposed correlation, we investigate
the effects of engineering parameters on the linear range:

(1) Heat loss is closely related to the linear range. The
linear range increases with increasing heat loss. How-
ever the sensitivity decreases with increasing heat
loss.
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Fig. 3. Tube-wall temperature profiles (a) Doy = 1.257mm, D, =
0.977mm, (b) Doy =0812mm, Dy=0562mm and () Doy = Mass flow rate (SCCM)

0.508 mm, D, = 0.304 mm. Fig. 4. Temperature differences between two sensors (a) Dy, = 1.257 mm,

Dy, =097Tmm, Ly=7.5mm, (b) D,y =0.812mm, D;,=0.562 mm,
(2) The linear range increases with increasing tube cross- L+~ /-3 mm and (¢) Doy = 0.508 mm, Dy, =0.304 mm, L =7.5 mm.
sectional area. However, the response time also
increases with increasing tube cross-sectional area. (3) The linear range increases with decreasing tube

In addition, the error due to tilting becomes higher. length.
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Fig. 5. Comparison between the measurement ranges from the correlation and from the numerical simulation.

(4) When the thermal conductivity of the sensor tube
increases, the linear range increases.

(5) When L?*/kAR, <10, the linear range does not
greatly depend on the sensor position (Ls). But, when
L*/k AR, > 10, the linear range increases with
increasing L.

(6) The linear range does not greatly depend on the hea-
ter length (L;) compared to other parameters.

(7) The linear range does not depend strongly on the
fluid properties except for the heat capacity.

5. Conclusion

In the present work, a simple numerical model for the
sensor tube of a thermal mass flow meter is presented.
The proposed model is validated by experimental data.
Based on the verified numerical model, a correlation for
predicting the linear range of the TMFM is obtained as
Eq. (6). The correlation predicts the numerical results
within a relative error of 15%. Finally, the effects of engi-
neering parameters on the linear range are investigated.
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