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Abstract  The axial heat transfer effects on the performance of 
the thermal dispersion mass flow meter are studied by 
employing an analytical one-dimensional model and a 
numerical two-dimensional model of the thermal flow sensor. 
The relationship between the measurement characteristic and 
the temperature difference between the sensing element and the 
base is analysed and possible methods to practically implement 
the correction of the measurement characteristic are proposed. 
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1.  INTRODUCTION 

Thermal mass flow meters [1,2] are mostly used to 
measure the mass flow rate of gases. The measurement 
principle of the thermal dispersion mass flow meter is based 
on the heat transfer from the thermal flow sensor to the gas. 
The thermal flow sensor contains a resistance temperature 
sensing element that is heated in order to maintain a 
constant temperature difference above the gas temperature, 
where the heating electrical power changes with the mass 
flow rate. Another possibility is to maintain a constant 
electrical power, where the resulting temperature difference 
changes with the mass flow rate. 

Heat transfer in the thermal flow sensor is influenced by 
its internal structure and thermal properties, and the process, 
installation and operation conditions. The basic 
measurement effect is related to the heat transfer from the 
sensing element to the gas. However, the axial heat transfer 
from the sensing element along the sensor’s stem to the base 
may be also significant. Olin [3] presented a design of the 
thermal flow sensor comprising an additional temperature 
sensing element, which is used to evaluate the axial heat 
transfer rate. On the other hand, Pape and Hencken [4] 
modelled a similar thermal flow sensor with the purpose to 
analyse the effect of the coatings deposited on the surface of 
the thermal flow sensor on the measurement characteristic, 
which results from their influence on the axial heat transfer. 

In this paper the effect of the axial heat transfer along the 
thermal flow sensor is studied employing a simple analytical 
one-dimensional model (Section 2) and a numerical two-
dimensional model (Section 3). The latter takes into account 
more complex internal structure of the sensor and flow 
conditions, and both the convective and the radiative heat 
transfer from the sensor’s surface. A correction of the 
measurement characteristic related to the axial heat transfer 

along the thermal flow sensor is proposed on the basis of the 
one-dimensional model and is validated by the results of the 
two-dimensional model (Section 4). This work complements 
our research and development of the thermal dispersion 
mass flow meter with the gas-identification capability [5–7]. 

2.  THEORETICAL BACKGROUND 

A simple physical model of the thermal flow sensor is 
presented in Fig. 1. The sensor is considered to consist of 
the sensing element and the upper and the lower stem. The 
sensor is exposed to the uniform gas flow with the mass 
flow rate qm, which influences the convective heat transfer 
coefficient α. The sensing element is heated by means of the 
electrical power P for the constant temperature difference 
above the gas temperature TS = TG + ∆T. At the location, 
where the sensor is inserted into the flow pipe (i.e., the 
base), the base temperature TB is defined. The temperature 
difference between the sensing element and the base is 
∆TSB = TS – TB. The radiative heat transfer is neglected. 

 

Fig. 1. Physical model of the thermal flow sensor exposed to the 
uniform gas flow. 

The relationship between the supplied electrical power P 
and the mass flow rate qm represents the measurement 
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characteristic of the thermal flow sensor. The heat balance 
equation for the control volume defined with the sensing 
element is: 

 1 2P Q Q Q     , (1) 

where the convective heat transfer rate from the thermal 
flow sensor, having the area A of the outer surface, to the 
gas is: 

 Q A T     (2) 

and the heat transfer rates from the sensing element to the 
upper and the lower stem are [8]:  
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respectively, where ai = λiπd2/(4Li), bi = 2Li(λid)–1/2, 
ci = (d/(4λi))

1/2, d is the diameter of the sensor, Li is the 
length and λi is the thermal conductivity, where i = 1 
denotes the upper stem and i = 2 denotes the lower stem. To 
obtain (3) and (4), the boundary conditions 
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In the presented heat balance (1) only Q̇1 is influenced 
by ∆TSB. This heat transfer rate can be written as: 

 1 SBQ k T n T    , (5) 

where the constants are: 
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Consequently, the measurement characteristic for a given 
∆T can be written as: 

 0 SBP P k T   , (7) 

where the component  0 0 2   P P Q n T Q        is 

independent of ∆TSB and can be determined as 0 0|
SBTP P   . 

The component k∆TSB is related to the axial heat transfer 
along the upper stem of the thermal flow sensor, where 
k = k(α) is the sensitivity coefficient that depends on the 
convective heat transfer coefficient α = α(qm) and 
consequently on the mass flow rate qm. The sensitivity 
coefficient k is (in the non-dimensional form) presented in 
Fig. 2. Value of the sensitivity coefficient k decreases with 
the convective heat transfer coefficient α and consequently 
with the mass flow rate qm. 

 

Fig. 2. Sensitivity coefficient k/a1 of the axial heat transfer effect. 

3.  NUMERICAL MODEL 

The computational domain of the numerical model of the 
thermal flow sensor is schematically presented in Fig. 3. 
Axisymmetric internal structure of the sensor with defined 
dimensions and thermal conductivities is taken into account. 
The thermal flow sensor is inserted into the flow pipe with 
the gas flow with defined pressure p, temperature TG, mass 
flow rate qm and velocity profile v(x). Temperature of the 
internal surface of the flow pipe is Tp. 

 

Fig. 3. Scheme of the computational domain of the numerical 
model of the thermal flow sensor. 

The heat generation rate Q̇G results from the electrical 
current I passing through the resistance temperature sensing 
element (equal to the heating electrical power P). The 
generated heat is conducted to the surface of the sensor, 
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from where the convective and the radiative heat transfer 
take place, or conducted along the stem to the base. 

The computational domain is discretized and for each 
computational cell the balance of heat generation rate and 
heat transfer rates across its boundaries is taken into account 
[9]. On the interfaces of the cells the internal boundary 
conditions based on heat conduction are taken into account. 
The following boundary conditions are considered on the 
external boundaries of the computational domain: 
 axial symmetry of the sensor’s internal structure, 
 constant temperature at the upper boundary of the 

computational domain, which is equal to the base 
temperature TB, 

 convective heat transfer from the sensor’s surface to the 
gas and radiative heat transfer from the sensor’s surface 
to the internal surface of the flow pipe with considered 
temperature Tp = TG.  

The convective heat transfer coefficient is determined with 
the help of a semi-empirical model for convective heat 
transfer for a cylinder in the cross-flow, e.g., the Churchill-
Bernstein model [10] is employed in this paper. The 
required thermodynamic and transport properties are 
determined using the NIST REFPROP database [11]. The 
gas velocity profile depends on the Reynolds number – for 
ReD < 2000 and ReD > 4000 the laminar and the turbulent 
velocity profiles, respectively, are taken into account [12].  

With an additional equation the value of the average 
temperature of the sensing element is set as: 

 S GT T T   . (8) 

The obtained system of equations is solved iteratively 
due to temperature-dependent coefficients. The values of the 
temperatures in the centres of the computational cells and 
the value of the electrical current are obtained as the solution 
of the system of equations, which enable us to calculate the 
heating electrical power P and the particular heat transfer 
rates, e.g., the convective and the radiative heat transfer 
rates, Q̇α and Q̇σ, respectively. 

The numerical analyses employing the two-dimensional 
model were performed for the geometry of the 
computational domain that is based on the internal structure 
of a practical thermal flow sensor [7]. The thermal flow 
sensor with the diameter d = 1.95 mm is assumed to be 
inserted into the flow pipe with the internal diameter 
D = 25 mm. The insertion length is 21 mm. The 
computational domain is discretized into 1051 × 52 cells. 

4.  RESULTS 

With the purpose to analyse the axial heat transfer effect 
on the performance of the thermal flow sensor, the 
simulations were performed for the gas temperature 
TG = 20 °C, temperatures of the sensing element 
TS = 30 … 40 °C (∆T = 10 … 20 K), base temperatures 
TB = 15 … 40 K and for the reference mass flow rates of air 
qm,ref = 1 … 10000 g/min. The range of mass flow rates 
corresponds to the typical Reynolds numbers ReD for the 
thermal mass flow meters available on the market. With 
respect to ReD, the laminar and the turbulent velocity 
profiles are taken into account for qm,ref < 43 g/min and 

qm,ref > 86 g/min, respectively. The simulations were not 
performed for the transitional region (2000 ≤ ReD ≤ 4000). 

For each temperature difference ∆T, the value of the 
component P0/∆T was calculated by the numerical model 
using its definition in (7), with ∆TSB = 0 K taken into 
account. Fig. 4 shows the results for the selected case with 
∆T = 10 K. Values of P0/∆T vary for less than 0.51% for all 
discussed temperature differences ∆T = 10 … 20 K in the 
observed range of mass flow rates.  

 

Fig. 4. Component P0/∆T for the selected temperature difference 
∆T = 10 K. 

For each combination of the temperature differences ∆T 
and ∆TSB (except for ∆TSB = 0 K), the sensitivity coefficient 
of the axial heat transfer effect was determined using (7) as: 
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Fig. 5 presents the sensitivity coefficient for the case 
with TG = 20 °C, TS = 30 °C (∆T = 10 K) and TB = 20 °C 
(∆TSB = 10 K). The sensitivity coefficient decreases with the 
mass flow rate, which is in agreement with the results of the  
 

 

Fig. 5. Sensitivity coefficient k for the selected temperature 
differences ∆T = ∆TSB = 10 K. 
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analytical one-dimensional model (Fig. 2). The portion 
of the component k∆TSB in the electrical power P is 47.1% at 
1 g/min, and 2.2% at 10000 g/min, which shows that the 
axial heat transfer has larger relative effect on the 
measurement characteristic at lower mass flow rates. 

With the purpose to estimate the variation of the 
sensitivity coefficient for different conditions, the relative 
difference is defined as: 

   10 K 1
SBr T Te k k k    . (10) 

If ∆T is constant and ∆TSB varies, the absolute values of the 
relative differences are in the range of 0.035% despite large 
range of temperatures, which is presented in Fig. 6. Fig. 7 
shows the relative differences for different values of ∆T and 
∆TSB = 10 K. The absolute values of the relative differences 
are up to 0.45% (for ∆T = 20 K) in the observed range of 
mass flow rates.  

 

Fig. 6. Relative differences of the sensitivity coefficients for 
∆T = 10 K and different values of ∆TSB. 

 

 Fig. 7. Relative differences of the sensitivity coefficients for 
different values of ∆T and ∆TSB = 10 K. 

Thermal mass flow meters typically operate at constant 
∆T. The conditions at the installation location of the thermal 

mass flow meter can be different from the reference 
conditions at the calibration, e.g., the temperature of the 
ambient air affects the base temperature and consequently 
the axial heat transfer along the stem of the thermal flow 
sensor. The measurement characteristic without the 
correction of the axial heat transfer effect is described with 
the following measurement model: 
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where c1, c2, c3 and c4 are the calibration constants, which 
are determined by fitting the data sets of the electrical power 
P and the mass flow rate qm. A disadvantage of this 
approach is that the calibration constants contain the effect 
of the axial heat transfer along the thermal flow sensor.  

In addition to the uncorrected measurement 
characteristic, we will analyse the performance of the 
thermal flow sensor with the measurement characteristic 
with the correction of the axial heat transfer effect, which 
can be determined by employing (7): 

 0 SBP P k T    (12) 

and fitted using the measurement model (11) to obtain the 
functional relationship P0 = P0(qm).  

The numerical model was employed to simulate the 
discussed thermal flow sensor in the range of mass flow 
rates from 100 g/min to 1000 g/min for the following 
conditions: TG = 20 °C, TS = 30 °C (∆T = 10 K) and 
TB = 20 °C (∆TSB = 10 K). Both measurement 
characteristics, P = P(qm) and P0 = P0(qm), were determined 
based on this simulated calibration data. To obtain the latter, 
the sensitivity coefficient k for the given conditions from 
Fig. 5 was taken into account. The calibration constants, 
obtained by the Levenberg-Marquardt curve-fitting method, 
are presented in Table 1. 

Table 1. Calibration constants of the measurement model (11) with 
P (mW) or P0 (mW) and qm (g/min), for ∆T = 10 K and 

qm = 100 … 1000 g/min. 

 c1 × 103 c2 c3 × 103 c4 

P(qm) 32.21 1.845 1.413 0.436 

P0(qm) 32.85 –0.0265 1.474 0.431 

 
The validation of the proposed correction method was 

carried out in order to evaluate the performance of the 
correction of the axial heat transfer effect, which was 
simulated by changing the base temperature TB to 19.5 °C 
(∆TSB = 10.5 K) and 20.5 °C (∆TSB = 9.5 K). The mass flow 
readings qm were determined employing both measurement 
characteristics and then the relative errors with respect to the 
reference mass flow rates qm,ref were calculated as: 

   , 1r m m m refe q q q  . (13) 

The relative errors for the measurement characteristic 
without the correction of the axial heat transfer effect are 
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presented in Fig. 8. If the considered conditions are different 
from the reference conditions, the absolute values of the 
relative errors are up to 2% at lower mass flow rates and 
decrease with the mass flow rate. Therefore, the axial heat 
transfer has smaller relative effect at higher values of the 
mass flow rates. If the uncorrected measurement 
characteristic is used at reference conditions, the relative 
errors are up to 0.01%, which result from the estimation 
error of fitting the measurement characteristic. Fig. 8 also 
shows the results for the uncorrected measurement 
characteristic corresponding to ∆T = 20 K, while the other 
conditions are the same as considered in the previous case. 
The relative errors are approximately two times smaller in 
comparison with those for ∆T = 10 K, which indicate that 
the relative effect of the change of the base temperature is 
smaller at larger temperature difference ∆T.   

The relative errors for the measurement characteristics 
with the correction of the axial heat transfer effect are shown 
in Fig 9. Even though the base temperature was changed, the 
  

 

Fig. 8. Relative errors of the mass flow readings for the 
measurement characteristics without the correction of the axial heat 

transfer effect. 

 

Fig. 9. Relative errors of the mass flow readings for the 
measurement characteristics with the correction of the axial heat 

transfer effect. 

absolute values of the relative errors are less than 0.01%. 
Therefore, the axial heat transfer effect was successfully 
corrected. The correction works well also at lower mass 
flow rates, where the axial heat transfer has larger relative 
effect. 

5.  CONCLUSIONS 

The axial heat transfer effect on the measurement 
characteristic of the thermal dispersion mass flow meter was 
studied by employing the analytical one-dimensional model. 
It was derived that the measurement characteristic is linearly 
dependent on the temperature difference between the 
sensing element and the base. This relationship was also 
validated by employing the two-dimensional numerical 
model that takes into account more complex internal 
structure of the sensor and flow conditions, and both the 
convective and the radiative heat transfer from the sensor’s 
surface.  

To practically implement the proposed method for the 
correction of the measurement characteristic, the thermal 
flow sensor should contain an additional temperature 
sensing element with the purpose to measure the base 
temperature. Even if both the temperature difference ∆T and 
the gas temperature TG are constant, the base temperature TB 
will generally vary with mass flow rate, because it is 
affected by the axial heat transfer along the thermal flow 
sensor. A possible way to experimentally determine the 
sensitivity coefficient k is presented below. The thermal 
flow sensor is calibrated for two temperature differences ∆T1 
and ∆T2 in order to obtain two measurement characteristics 
(written in the form of P/∆T): 
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If we assume that components P0,1/∆T1 and P0,2/∆T2 are 
equal, the sensitivity coefficient can be calculated as: 
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Because ∆T affects P0/∆T (see the discussion in Section 4), 
the difference between ∆T1 and ∆T2 should not be large in 
order to fulfil P0,1/∆T1 ≈ P0,2/∆T2. On the other hand, the 
conditions of such calibration should assure that the 
denominator of (16) does not limit to zero.  

An alternative solution to implement the correction of 
the axial heat transfer effect is that the additional 
temperature sensing element is not only used to measure the 
base temperature, but also employed as a heater to maintain 
a constant temperature difference between the base and the 
gas TB – TG. In the case of ∆TSB = 0 K, the mass flow 
readings would not be affected by the axial heat transfer. 
However, it would be reasonable to maintain a smaller 
temperature difference TB – TG in comparison with the 
temperature difference ∆T (e.g., due to lower energy 
consumption for heating the base), which results in 
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∆TSB > 0 K. In such case, the correction method could be 
performed as presented in Section 4. 
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