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Abstract

In the present work, the heat transfer phenomena in the sensor tube of a mass flow controller (MFC) are studied
using both experimental and numerical methods. A numerical model is introduced to predict the temperature profile in
the sensor tube as well as in the gas stream. In the numerical model, the conjugate heat transfer problem comprising the
tube wall as well as the gas stream is analyzed to fully understand the heat transfer interaction between the sensor tube
and the fluid stream, using a single domain approach. This numerical model is further verified by experimental in-
vestigation. In order to describe the transport of heat energy in both the flow region and the sensor tube, the Nusselt
number distributions at the interface between the tube wall and the gas stream as well as heatlines are presented from
the numerical solution. Through this study several assumptions frequently used by previous investigators for their
analytical models have been shown to be either irrelevant or physically unrealistic. © 2001 Elsevier Science Ltd. All

rights reserved.

1. Introduction

A mass flow controller (MFC) is widely used in many
scientific and engineering processes for controlling the
mass flow rate of a gas with an accuracy of 1% because the
measurement and control of gas flow is critical in many
applications such as engine and fuel cell tests, chemical
reactions, and so on [1]. In particular, there are many
semiconductor manufacturing processes where an MFC
accurately delivers a stable and known mass flow rate of a
gas to processing chambers. There are a variety of volu-
metric meters, such as orifice, rotary, swirl, ultra-sonic,
and turbine. A volumetric meter measures a volume flow
rate or velocity, but this must be corrected for tempera-
ture, pressure, viscosity and other variables in order to
obtain the mass flow rate. However, an MFC can directly
measure the mass flow rate without being corrected for
temperature, pressure, viscosity, and other variables.

*Corresponding author. Tel.: +82-42-869-3043; fax: +82-42-
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An MFC typically consists of a sensor tube, a bypass
(main) tube, and a control valve. The sensor tube in an
MEC is a long, slender stainless steel tube with heating
wires and sensor windings. It is the most critical part of
an MFC. The mass flow rate is sensed by heat transfer
between a heated tube wall and a gas stream flowing in
the sensor tube. There are several types of sensors, which
vary according to the number of heaters and sensors
used in the sensor tube. The typical sensor currently
used in the semiconductor manufacturing and chemical
processes consists of a single heater and two RTD sen-
sors [2].

Heat transfer phenomena in the sensor tube are
rather involved because heat generation in the heating
wire, conduction in the tube wall, convection into the
gas, and conduction loss through the insulation material
are all happening simultaneously. Due to this complex-
ity, many investigators have tried to describe the heat
transfer phenomena in the sensor tube with a few sim-
plifying assumptions. They are listed as follows:

Assumption 1. The temperature of both ends of the
sensor tube is kept constant regardless of the mass flow
rate.
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Nomenclature

bias error

specific heat

diameter of the sensor tube
interpolation factor

heat transfer coefficient

average heat transfer coefficient
heatfunction

conductivity

axial length of the tube wall
entry length

mass flow rate

data number

average Nusselt number
pressure

precision error

heat flux

heat source

critical insulation radius

inner radius of the sensor tube
external radius of the sensor tube
radius of the insulation material
standard deviation

~ S :2|2 oM VTSSO OAW
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T true temperature
T mean temperature
T temperature

u axial velocity

Un mean velocity

Ur uncertainty

Greek symbols
I gas viscosity
A degree of freedom

Subscripts/superscripts
down downstream

down_e end of the downstream
f fluid

h horizontal

H harmonic mean

i inlet

in inner

ins insulation material
m mean

S solid

sur surrounding

up upstream

v vertical

Assumption 11. The temperature of the tube wall is
equal to the gas mean temperature in the sensor tube.

Assumption 11I. The Nusselt number is 4.36 at the
interface between the tube wall and the gas stream in the
entire sensor tube.

Recently Komiya et al. [3] suggested a one-dimen-
sional analytic solution. Their work is based on adopt-
ing assumptions I and II in solving an energy equation in
the sensor tube. Thus, the one-dimensional analytic
solution proposed by Komiya et al. [3] is inherently
limited to showing the temperature profile of the sensor
tube wall only along the axial direction. In order to
extend the work of Komiya et al. [3], Hinkle and
Mariano [2] used a two-dimensional model to simulate
the heat transfer phenomena in the sensor tube. They
assumed that the flow in the sensor tube was fully de-
veloped both thermally and hydrodynamically. They
also used assumption III to represent the heat transfer
rate at the interface of the sensor tube, which is subject
to a constant heat flux only at the central section of the
tube wall. But assumption III is appropriate only when
the entire circular tube is subject to a uniform surface
heat flux. In addition, Hinkle and Mariano [2], just like
Komiya et al. [3], applied assumption I as the boundary
condition for their analytic solution.

Rudent and Navratil [4] presented an analytic model
with the condition that the wall temperature was dif-
ferent from the gas mean temperature. Their analytic
solution contains the Nusselt number, the heat loss

coefficient, and the boundary conditions at the ends of
the sensor tube. These factors have significant effects on
the analytic solution and have to be determined exper-
imentally. Instead, assumption III has frequently been
used to calculate the analytic solution because it is dif-
ficult to obtain the Nusselt number distribution at the
interface between the tube wall and the gas stream in the
sensor tube by the experimental method. This in turn
makes it difficult to estimate the gas temperature along
the radial direction with the analytic solution proposed
by Rudent and Navratil [4].

In the present study, the heat transfer phenomena in
the sensor tube of the MFC are studied by using both
experimental and numerical methods. A numerical
model for a conjugate heat transfer problem comprising
both the gas stream and the tube wall is introduced to
estimate the temperature profile in the tube wall as well
as in the gas stream. This numerical model is further
verified by experimental results. The Nusselt number
distribution between the tube wall and the gas stream is
presented from the numerical solution. The net flow of
heat energy is finally exhibited with heatlines obtained
from numerical results in order to fully understand the
heat transfer mechanism involved in the sensor tube of
the MFC; this kind of information sheds light on an
optimum design for the sensor tube. In addition, we
intend to determine whether a few assumptions em-
ployed by previous investigators are physically realistic
or not.
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2. Mathematical formulation
2.1. Problem definition and model

The problem under consideration in this paper con-
cerns the relation between the mass flow rate and the
tube wall temperature difference across the heater. This
relation is strongly related with heat transfer phenomena
in the sensor tube of the MFC. The schematic diagram
of a physical model is shown in Fig. 1. This model is
called the single heater type, because it has only one
heater. The axisymmetric coordinate is used to solve the
problem. The direction of the gas flow is parallel with
the x-axis. It is assumed that the velocity profile is fully
developed while the temperature profile is just being
developed in the flow region. The thermophysical
properties of the gas as well as the tube wall are also
assumed to be constant. A uniform heat flux is applied
to the central part of the sensor tube where the heating
wire is wound. As the MFC is typically calibrated with a
nitrogen gas, we simulate the heat transfer phenomena
in the sensor tube using nitrogen gas.

2.2. Governing equations

In order to analyze the heat transfer phenomena in
the sensor tube of the MFC, momentum and energy
equations for both the tube wall and the gas stream
should be solved. As the full scale range of the gas flow
that can be measured in the sensor tube is typically
limited to low mass flow rates [2], the maximum range of
the mass flow rate through the sensor tube in the present
model is chosen to be 50 SCCM. The Reynolds number
at the maximum mass flow rate is 62.16. Hence, the flow
in the sensor tube can be safely assumed to be laminar.

R, =3cm

R, =0.45mm

. R, =0.3mm
M 4 ! T
X
m
22mm 22mm

»
»
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Fig. 1. Model of the sensor tube in the MFC: (a) physical
model; (b) numerical model.

A reasonable approximation for the hydrodynamic en-
try length of the tube necessary for the development of
the laminar velocity profile is calculated to be 1.82 mm
[5]- Based on this entry length, the flow in the sensor
tube can be considered as a fully developed Poiseuille
flow in the circular tube. The velocity profile in the
sensor tube is given as

where Upean and R; are mean velocity and the inner
radius of the sensor tube.

The temperature field in the gas as well as in the tube
wall and the insulation material is governed by the fol-
lowing energy equations:

10 or o [ orT or

where u, k, p, Cp, and T are axial velocity, thermal
conductivity, gas density, specific heat of the gas, and
temperature, respectively. Eq. (2) is solved subject to the
following boundary conditions in the single computa-
tional domain comprising both solid (the tube wall and
the insulation material) and fluid (gas) regions:

The boundary condition at x =0 is

u= 2Umean (1

T = T, in the flow region (3)

which implies that the inlet temperature of the gas flow
is equal to the surrounding temperature. At the outflow
boundary previous numerical models used 7; = Ty, re-
gardless of the mass flow rate [2,4]. However, this
boundary condition is not physically realistic because
the gas flow temperature is higher than the surrounding
temperature due to convective heat transfer from the
tube wall to the gas flow. In the present numerical
model, the computational domain is extended in the
axial direction so that the outflow boundary condition in
the flow region can be assumed to be insulated, i.e.,

or

ox |,

—0. )

Komiya et al. [3], Hinkle and Mariano [2], and Rudent
and Navratil [4] incorporated a heat loss coefficient to
account for heat losses which are transferred from the
external surface of the tube wall to surroundings. They
determined the loss coefficient using their experimental
results. Their approach has a drawback in that their
numerical model must always be accompanied by ex-
perimental investigation, and thus cannot be generally
applied to other situations. To overcome this difficulty
and to make the numerical model generally applicable,
heat losses in the present model are considered to cor-
respond to the existence of convection cooling at the
outer surfaces of both the insulation material and the
tube wall. This type of boundary condition is specified
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via the heat transfer coefficient and the temperature of
surroundings as proposed by Patankar [6]

oT, -

—kg = I’l},(TS — Tsur) atr = R;, (5)
oT, -

—kazhv(Ts—Tm) atx=0 and x =L, (6)

where k, i, Tor, i (T,) and h,(T;) are thermal conduc-
tivity, solid temperature, surrounding temperature,
horizontal heat transfer coefficient, and vertical heat
transfer coefficient, respectively. The boundary con-
ditions (5) and (6) represent convective heat transfer to
the ambient from the horizontal surface of the insulation
material and the vertical surface of both ends of the tube
wall and the insulation material, respectively. The heat
loss coefficient, which is a function of the surface tem-
perature at the insulation material, is obtained by
Churchill and Chu’s correlations (7)-(10) [7,8]

2
0.387Ray’

Nu, =< 0.6+ T
[1 +(0.559/Pr)°¢
for Rap, < 10'2, (7)
Fn(T) = - N, (8)
_ 0.607 Ra)’*
Nuy = { 0.68 + e
[1 9/16
+(0.492/Pr) ]
for Ray, <107, 9)
_ k —
hy(T) = 7 Nuy, (10)

where Nu, h, Rap, Pr, k, Dy, Lins are average Nusselt
number, average heat transfer coefficient, Rayleigh
number, Prandtl number, conductivity and diameter and
vertical length of the insulation material, respectively.
The correlations proposed by Churchill and Chu pro-
vide the average Nusselt number and the average heat
transfer coefficient over both the entire circumference
and the vertical plate of an isothermal cylinder. In this
work, it can be assumed from the measured temperature
data that the surface of the insulation material is
maintained at a constant temperature because the
standard deviation of the temperature at the surface of
the insulation material was 0.16 K. Since the Rayleigh
number is 57,142, it is proper to use Churchill and Chu’s
correlation to obtain the average heat transfer coef-
ficient.

In order to describe the transport of heat energy both
in the flow region and in the tube wall region, we can

define the heatfunction, H (x,y) such that the net flow of
energy is zero across each H = constant [9,10]. Heat-
function is a combination of both thermal diffusion and
enthalpy flow. From Eq. (2), the heatfunction is defined
as

1 0H orT

;E:PCpM(T_Ti)_kaa (11)
oH or
a—?’ka7 (12)

where H, k, T, T;, p, and C, are heatfunction, thermal
conductivity, temperature, inlet temperature, gas den-
sity, and specific heat of the gas, respectively. For a
meaningful comparison of the heatlines of one flow with
those of another flow, we set H = 0 at » = 0 because H is
related to an arbitrary constant at » = 0. The heatfunc-
tion is obtained by integrating Eq. (11) both in the flow
region and in the tube wall region.

2.3. Solution method

The governing equations are solved by the Control-
Volume-based Finite Difference Method. The point
successive over-relaxation (PSOR) method is utilized to
reduce the time required for solving the governing en-
ergy equation [11].

The discontinuity of the thermal conductivity at the
interface between the tube wall and the gas stream as
well as at the interface between the tube wall and the
insulation material is treated by placing a control sur-
face at that location and utilizing the harmonic mean
formulation for the thermal conductivity. The harmonic
mean thermal conductivity is given by Patankar [6]

AT ANAS AT ANAS
kHl—< A +kf> and kyy = T +ks s
(13)

where ks, ke, kins, fe, ki and kg, are conductivity of the
tube wall, the gas stream and insulation material, in-
terpolation factor, harmonic mean conductivity at the
interface between the tube wall and gas stream and at
the interface between the tube wall and the insulation
material, respectively.

The energy equation, Eq. (2), is solved simul-
taneously both in the fluid part and the solid part by
treating it as one computational domain. It is a so-called
conjugate heat transfer problem. In a conjugate heat
transfer problem, there are two physical mechanisms:
one is conduction in the solid part, and the other is
convection in the gas stream. The traditional conjugate
coupling of conduction and convection heat transfer is
usually accomplished by imposing at the interface the
continuity of both the temperature and the heat flux.
The finite-difference solution procedure adopted in this
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work automatically satisfies the continuity of both the
temperature and the heat flux at the interface between
the insulation material and the tube wall as well as at the
interface between the fluid part and the solid part [12],
ie.,

aTS oT; aTs aTius

= =k, k=] ke, (14)
or kY or e Or gt or g

TS|R1‘ = Tf|Rl’7 Ts|R;r = Ensl]g;» (15)

where ks, ki, kins, Ty, Tty Tins, R1, and R, are conductivity
of the tube wall, the gas, and insulation material, tube
wall temperature, gas temperature, insulation material
temperature, inner radius and external radius of the
sensor tube. When the rate of the maximum change in
the temperature field is smaller than the specified max-
imum error, results are considered to be sufficiently
converged. The convergence criterion is given as

max |T" (i, j) — T"(i, j)| < 107°. (16)

2.4. Grid test and benchmarking

A non-uniform grid was used both in the axial di-
rection and in the radial direction in order to place a fine
grid near the boundary and the interfaces. The grid
dependence test was performed by changing the number
of grid points. When the number of grid points is
doubled in the radial direction from 55 and in the axial
direction from 91, respectively, the maximum change of
the temperature distribution is given as

where 7, T*, are temperature with a grid number of
91 x 55, and temperature with the number of grid points
doubled. So, the grid used in the model is 91 in the axial
direction, and 55 in the radial direction.

Before the code was applied to analyze the heat
transfer phenomena in the sensor tube of the MFC, re-
sults for the temperature profiles and heatlines were
validated by solving the benchmarking problem. Heat
transfer to a circular tube flow with a conducting solid
wall is solved with the code for benchmarking. It is as-
sumed that the flow is thermally developing and hy-
drodynamic fully developed and that the solid part has a
very high thermal conductivity. This is because the
analytic solution exists for convective flow in a circular
tube maintained at a constant temperature. The tem-
perature profiles obtained from both the numerical and
exact solutions are compared in Fig. 2. The maximum
error between the numerical solution and the exact
solution is 0.3% of the full scale temperature.

3. Experimental apparatus and technique
3.1. Experimental apparatus and method

The experimental arrangement is shown in Fig. 3(a).
In order to analyze the heat transfer phenomena in the
sensor tube of the MFC experimentally, we use nitrogen
gas in this experiment because the MFC currently used
in the semiconductor fabrication processes is calibrated
with nitrogen gas. The concentration of nitrogen gas is
99.9993%. The nitrogen gas flows from a pressure tank
through a pressure regulator, a metering valve, and the
standard MFC to the sensor tube. In order to simulate

'T -7 x 100 = 0.07%, (17) the conditions encountered in the semiconductor
max manufacturing processes, we use a stainless steel tube
380 7
3701 Gas mean temperature
1 | T Analytic solution [10]
360 ~— Numerical Result
350
340 7
§ ]
g %0
’_ﬁ 320
310 7
300 T
290 7
280 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
(x/D)/(Re*Pr)

Fig. 2. Benchmarking: comparison between numerical solution and analytic solution.
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Fig. 3. Experimental apparatus: (a) experimental arrangement;
(b) experimental prototype of the sensor tube.

processed by electropolishing. The electropolished tube
is utilized for all pipes. The diameter of the tube is 6.35
mm. Both the pressure regulator and the metering valve
are used to maintain constant pressure.

A standard MFC, model UFC-8160, provided by
UNIT Instruments Incorporated, is used to measure and
control the mass flow rate of the nitrogen gas in the
current experiment. Its accuracy and repeatability are,
respectively, +£1% and +0.15% of the full scale. The full
scale range in the MFC is 100 SCCM. The circuit is
powered by an automatically controlled DC power
supply manufactured by Hewlett Packard. Its accuracy
is £0.1% of the full scale range. The sensor tube is
heated with a power of 0.508 W. The experimental
prototype is shown in Fig. 3(b). The sensor tube is made
of the stainless steel tube 316 L, which has an external
diameter of 0.9 mm, an inner diameter of 0.6 mm and a
length of 58 mm. The heating wire is an alloy of 60%
nickel, 16% chromium, and an accepted material for
heating devices operating up to 1283 K, and has a
nominal temperature coefficient of a resistance which is

0.00015 Q/°C. The diameter of the heating wire used in
the experiment is 0.254 mm. The insulation material is
made of glass fibers, of which the conductivity is 0.038
(W/m K). The radius of the insulation material is 0.03 m.
The critical insulation thickness is calculated to 0.014 m
[13]. From these results, it is validated that the insulation
thickness used in the sensor tube is about two times
larger than the critical insulation thickness.

The goal of the experimental investigation is to
measure the temperature on the tube wall at as many
locations as possible without altering the thermal
properties of the surface. Seven thermocouples are in-
strumented on the outer surface of the sensor tube and
three thermocouples on the outer surface of the insula-
tion. The main disadvantage of using the thermocouples
is that the thermocouple wire is thermally conductive
and falsifies the temperature at the measuring point.
However, this error can be minimized by using a K-type
miniature thermocouple wire with a diameter of 0.0254
mm, which is provided by OMEGA Engineering. All
thermocouple wires run parallel to the isothermal line in
the tube wall. Thus, the error due to heat conduction
through the thermocouple wires is minimized. The
rationale of the positioning of the thermocouples, shown
in Fig. 3(b), is to be able to observe the temperature
profile at the surface of the sensor tube as well as at the
surface of the insulation material. Temperature profiles
on the sensor tube are measured at mass flow rates
ranging from 10 to 50 SCCM with an increment of 10
SCCM.

3.2. Uncertainty analysis

The uncertainty of the temperature measurement
results from measurement errors produced by electrical
noise, etc. The measurement error, which consists of bias
error and precision error, is divided into calibration er-
rors, data acquisition errors, and data reduction errors.

In the experiment, we consider both the bias error
from the thermocouples and the precision error from the
repeatability of the data measured by the thermocouple
in obtaining the uncertainty of the temperature
measurement. The bias error of the data acquisition is
disregarded because it is very small. The uncertainty
evaluation is performed in accordance with a 95% con-
fidence interval [14]

Ur = [B* + (tr954:P)’]'", (18)

where Ur, B, and t;95,P are measurement uncertainty,
bias error, and estimate of the precision error in the
repeated temperature measurement at 95% confidence.
In addition, 7 is the degree of freedom:

A=N-—1, (19)

where N is a data number. This method for the esti-
mation of the uncertainty parallels the uncertainty
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standard approved by professional societies as well as by

the National Institute of Standards and Technology

(NIST) in the United States. The bias error produced by

the thermocouple is +2.2°C, proposed by American

National Standard Institute (ANSI). The precision error

is determined by
Sk

21

where P, Sp, N, and (T, — T) are precision error, stan-
dard deviation, data number, and deviation of 7;. The
true value is given as

7' =T + Ur (95%), (22)

where T',T, and Ur are true temperature, mean tem-
perature measured, and uncertainty of the temperature
measurement.

4. Results and discussion

4.1. Comparison between numerical results and exper-
imental results

In the present work, the emphasis is on analyzing the
heat transfer phenomena in the sensor tube and pre-
senting an appropriate numerical model. In order to
verify the numerical model, we compare the numerical
results for the surface temperature distribution on the
sensor tube with experimental results. Fig. 4 shows the
comparison between experimental and numerical results
for the tube wall temperature profiles at the various
mass flow rates. The experimental data are represented
by circular symbols with uncertainty bars and the results
of the simulation by solid lines. The simulation is run at
mass flow rates ranging from 10 to 50 SCCM with an
increment of 10 SCCM. In Fig. 4, the numerical results
are shown to agree well with the experimental results.
The tube wall temperature profile is symmetric without
gas flow, but it shifts along the axial direction depending
on the mass flow rate. The higher the mass flow rate is,
the lower the surface temperature is at the upstream
section, and the higher the surface temperature is at the
downstream section. As a result, the temperature dif-
ference between the downstream section and the up-
stream section on the sensor tube is proportional to the
mass flow rate. This phenomenon is the basic principle
of the sensor tube of the MFC.

From the experimental and numerical results in
Fig. 4, it can be assumed that the temperatures of both

the gas and the tube wall at the end of the sensor tube
are almost equal to the surrounding temperature (as-
sumption I), when the mass flow rate of the nitrogen gas
is below 10 SCCM, as Komiya et al. [3] and Hinkle and
Mariano [2] have done. However, when the mass flow
rate of the nitrogen gas exceeds 10 SCCM, assumption I
used in [2,3] is no longer appropriate. The reason is that
the heat transferred from the tube wall to the gas at the
upstream section is transferred back to the downstream
section by convection. Hence, the tube wall temperature
is increased with the mass flow rate at the end of the
downstream section of the sensor tube, as shown in
Fig. 5.

4.2. Analysis of the heat transfer phenomena in the sensor
tube

When the nitrogen gas flows through the sensor tube
at a mass flow rate of 30 SCCM, the temperature pro-
files at the heating section along the radial direction are
shown in Fig. 6. It is shown that the temperature
gradient is changed from positive to negative at the
heating section. It is estimated that the heat supplied at
the heating section is transferred along the axial tube
wall by conduction. Then, the heat is transferred from
the wall to the gas stream at the upstream section; and
on the contrary, from the gas to the wall at the down-
stream section by the convection.

The relation between the temperatures at both the
upstream and downstream sections and the mass flow
rate is shown in Fig. 7. The higher the mass flow rate is,
the higher the temperature difference between the wall
and the gas stream is at the downstream section as well
as at the upstream section.

Fig. 8 clearly shows that the wall temperature be-
comes different from the gas mean temperature as the
mass flow rate is increased. The difference between the
gas mean temperature and the wall temperature in-
creases with the mass flow rate. Thus, when the nitrogen
gas flows through the sensor tube, assumption II, as
proposed by Komiya et al. [3], that the gas mean tem-
perature is equal to the wall temperature, would not be
appropriate in analyzing the heat transfer phenomena in
the sensor tube. On the other hand, the assumption that
the gas mean temperature is different from the wall
temperature, as adopted by Hinkle and Mariano [2] and
Rudent and Navratil [4], is reasonable.

Numerical and experimental results from the present
study are compared with results from the one-dimen-
sional analytic solution presented by Komiya et al. [3].
When the mass flow rate is 10 SCCM, the results of
Komiya et al. have accuracy similar to the present nu-
merical results compared to experimental data. On the
other hand, when the mass flow rate goes over 10
SCCM, they are quite different, because the one-di-
mensional analytic solution calculated by Komiya et al.
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Fig. 4. Comparison between experimental and numerical tube wall temperature profile: (a) 10 SCCM; (b) 20 SCCM; (c) 30 SCCM;

(d) 40 SCCM; (e) 50 SCCM.

[3] uses assumptions I and II. The fact that Komiya et al.
[3] neglected the heat transfer along the radial direction
in turn leads further to erroneous results.

In order to describe the transport of heat energy, the
Nusselt number distribution as well as the heatlines are
calculated with the numerical method. The Nusselt

number, which is a dimensionless temperature gradient
at the interface between the tube and the gas stream, is
deduced from

_hDy 12T
ke To—Tn Or|_,

Nu Dim (23)

1
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Fig. 6. Temperature profiles along the radial direction with 30 SCCM at the heating section.

where h, Di,, ks, Ty, T, and R, are heat transfer coef-
ficient at the solid—gas interface, inner diameter of the
sensor tube, gas conductivity, wall temperature at
the interface, gas mean temperature, and inner radius of
the sensor tube, respectively. Fig. 9 shows the Nusselt
number distributions at the solid—gas interface in the
sensor tube. At the point near the end of the heating
section, the temperature gradient is changed from posi-
tive to negative, where the Nusselt number is divergent.
In the other part of the tube the Nusselt number is kept
nearly constant at about 4.5 regardless of the mass flow
rate. The Nusselt number of 4.36 (assumption III) used

by Hinkle and Mariano [2] and Rudent and Navratil [4]
is similar to the Nusselt number calculated by the
present model at both the upstream section and
the downstream section. However, near the end of the
heating section including the singular point, assumption
IIT cannot be used.

Finally, heatlines are shown in Fig. 10 in order to
better describe the net flow of the heat energy in the
sensor tube comprising both the tube wall and the gas
stream. Heatlines, H = constant, are locally parallel to
the direction of net energy flow through both the
convection field and conduction field [9,10]. In addition,
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Fig. 7. Relation between the temperature profiles along the radial direction and the mass flow rate: (a) upstream section (x = 15 mm);

(b) downstream section (x = 48 mm).

the narrower the spacing between two adjacent heatlines
is, the higher is the heat energy transferred between the
heatlines. In Fig. 10, the tube wall starts from 0.3 to 0.45
mm along the radial direction and the remaining part is
gas stream. It is clearly shown by these heatlines that
heat generated by the heating section is transferred
along the axial tube wall by conduction. It is then
transferred from the wall to the gas stream at the up-

stream section and from the gas stream to the wall at the
downstream section by convection. At the upstream
section, the higher the mass flow rate is, the higher is the
heat energy transferred from the tube wall to the gas
stream. Thus, the tube wall temperature at the upstream
section is decreased with the mass flow rate. On the
other hand, at the downstream section, the higher the
mass flow rate, the higher the heat energy transferred
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Fig. 8. Comparison between the wall temperature and the gas mean temperature: (a) 10 SCCM; (b) 30 SCCM; (c) 50 SCCM.
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Fig. 10. Heatlines in the sensor tube: (a) 10 SCCM; (b) 20 SCCM; (c) 30 SCCM; (d) 40 SCCM; (d) 50 SCCM.

from the gas stream to the tube wall. Therefore, the tube
wall temperature at the downstream section is increased
with the mass flow rate.

5. Conclusion

In this work, the heat transfer phenomena that arise
when nitrogen gas flows through the sensor tube of an
MFC are studied using both experimental and numerical
methods. A numerical model is introduced to estimate

the temperature profile in the sensor tube as well as in
the gas stream. The numerical model is further verified
by experimental results. In order to explain the transport
of heat energy both in the flow region as well as in the
tube wall, not only the Nusselt number distributions at
the interface between the tube wall and the gas stream,
but also heatlines which show the transport of heat en-
ergy are presented by the numerical solutions.

In the sensor tube, the physical mechanism regarding
the transport of heat energy is shown to be that the heat
generated by the heating wire is transferred along the
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Fig. 10 (continued)

axial tube wall by conduction. It is then transferred from
the tube wall to the gas stream at the upstream section
and reversely, from the gas stream to the tube wall at the
downstream section by convection. For a mass flow rate
below 50 SCCM, the higher the mass flow rate, the
higher the heat transferred by this mechanism. There-
fore, the temperature difference between the upstream
section and the downstream section is increased with the
mass flow rate.

From the experimental and numerical results, it can
be seen that the temperature of both the gas and the tube
wall at the end of the sensor tube is similar to the sur-
rounding temperature when the mass flow rate of the
nitrogen gas is below 10 SCCM. Therefore, assumption
I proposed by Komiya et al. [3] and Hinkle and Mariano
[4] is reasonable at small mass flow rates. But when the
mass flow rate of the nitrogen gas exceeds 10 SCCM,
assumption I proposed by them can no longer be used.

Assumption II, that the surface temperature on the
sensor tube is equal to the gas mean temperature, is shown
to be inappropriate because the heat transfer along
the radial direction is produced at the sensor tube by
the temperature difference between the tube wall and the
gas.

The Nusselt number of 4.36 (assumption I11) used by
Hinkle and Mariano [2] and Rudent and Navaratil [4] is
appropriate both at the upstream section and at the
downstream section, because the Nusselt number of 4.5
at the interface between the tube wall and the gas stream
is shown to be kept nearly constant regardless of the mass
flow rate from the numerical results. But at the heating
section, where the temperature gradient changes from
positive to negative, assumption III is no longer valid.
The Nusselt number is divergent at the singular point.

Finally, the net flow of heat energy is exhibited with
heatlines obtained from numerical results in order to
fully understand the heat transfer mechanism involved
in the sensor tube of the MFC, information which sheds
light toward an optimum design of the sensor tube.
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