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Abstract— The air data system (ADS) provides crucial 

information for aircraft navigation and control. The consolidated 
technology used to transduce the airflow measurements is designed 
based on pitot tubes and every system embedded on the aircraft shall 
be certified by the civil authorities to guarantee its safe operation. In 
the past decades, however, incidents and accidents were reported due 
to ice crystal formation on pitot tubes entrance, leaving the aircraft in 
an unsafe condition. Consequently, new technologies are currently 
under investigation to increase robustness against this particular risk. 
In this line, micro-electro-mechanical systems (MEMS) are getting 
attention from the aerospace industry and the micro-machined flow 
sensors are the best candidates to succeed in ADS application. The 
technology associated with thermal mass flow sensors (TMFS) can 
establish a reformulation on air-data system instrumentation, since it is 
possible to create micro heaters and thermal sensors on the same 
substrate, without moving parts. To explore the simplicity and 
robustness of such technology, here, we propose a TMFS operating in 
calorimetric mode and designed according to a criterion that meets 
aeronautic performance requirements. Based on the physical 
phenomena involved, we select adequate dimensions of the various 
structures in the sensor and materials compatible with semiconductor 
micro-machining processes. Additionally, the sensor is assumed to be 
installed in a flat plate structure constantly kept in parallel with the 
airflow avoiding tubular structures that could accumulate ice crystals. 
We expose the TMFS structures design criteria and assess the heat 
propagation among them throughout numeric Computation Fluid 
Dynamic (CFD) simulations, to validate the material selection as well 
as the interaction with the environment to which the sensor will be 
exposed when measuring airflow speeds up to 265 m/s (954 km/h). 
The results will show that the heating element was well defined for the 
application and that the thermal management among TMFS structures 
is a key factor to perform the speed readings. 
 

Keywords— Air Data Systems, Flowmeter, 
Microelectromechanical Sensors, Thermal Mass Flow Sensor.  

I. INTRODUCTION 

HE aircraft is one of the most complex transport vehicles 
designed by the humanity in the past century. At the 
beginning they were flew through cables straight connected 

from the cockpit to the command surfaces having an intense 
relationship with the air flowing through their wings, which 
provides the necessary lift to fly, giving to the pilots the ability 
to feel the aircraft flying. Therefore, the flight crew should have 
a strong knowledge about flight physics in order to take the best 
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performance as possible from the airplane, flying wide ranges 
and saving fuel [1]. For this, a series of instruments are 
available in the cockpit, providing information about the 
aircraft's altitude, attitude, positioning, ground and flying speed 
and so on. With the electronics revolution the airplanes become 
safer and more reliable with systems embedding computers, 
processing a net of signals provided by a numerous of sensors 
spread into to them, reducing the pilots' work load during the 
flying mission [2, 3]. The Air Data System (ADS) provides to 
the flight crew with flight condition and velocity vector 
information from external aircraft measurements. This 
information is received by many other embedded systems being 
used to perform software interlocks, data voting, scheduling the 
flight control law gains and displaying the aircraft speeds to the 
pilots [4]. The widely and consolidated sensor used to measure 
the airspeed information in the aeronautical industry is the pitot 
tube, performing it by reading the dynamic and static air 
pressures information at flight altitude [5]. 

Regardless of ADS being rigorously designed and qualified 
to operate in adverse environments, it is common to have 
incidents, or even accidents, involving pitot probes orifice 
freezing despite its heating capabilities [6]. Once ice crystals 
start to accumulate at the pitot tube entrance, the data becomes 
noisy (or even lost) leading the air data computer software to 
ignore the defective probe. This type of failure event causes the 
flight AF447, departing from Rio de Janeiro to Paris in 2009, to 
crash in the international waters on the Atlantic Ocean, near to 
TASIL point, leaving 228 people dead [7]. Additionally, at least 
two other incidents were reported in the past two decades 
associated with the same type of failure event. Fortunately, 
these airplanes had safely landed once the emergency condition 
was reported and the flight crew had taken the proper actions 
[8, 9]. All events reported are associated with flying through 
heavy clouds and low external temperatures. To deal with the 
scenario herein depicted the Federal Aviation Administration 
(FAA) has issued the Advisory Circular (AC) 91-74B to pilots 
providing instructions about how to identify the atmospheric 
conditions that lead to this failure event and how to plan the 
flight route to avoid the supercooled clouds [10]. These 
instructions impose operational limitations to the airplane 
mission, such as changes on a scheduled route, increasing the 
associated operational costs. 
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The Micro-Electro-Mechanical Systems, or MEMS, is a 
technology that in its most general form can be defined as 
miniaturized mechanical and electro-mechanical elements, i.e. 
devices and structures, that are made using the techniques of 
micro-fabrication. The types of MEMS can vary from relatively 
simple structures having no moving elements, to extremely 
complex electro-mechanical systems with multiple moving 
elements under the control of integrated microelectronics. 
While the functional elements of MEMS are miniaturized 
structures, sensors, actuators, and microelectronics, the most 
notable elements are the micro-sensors and micro-actuators, 
being categorized as transducers, which are defined as devices 
that convert energy from one form to another [11, 12].  

It is important to draw attention to the fact that MEMS 
technology received a lot of human and financial resources 
from the general industry in the nineties thanks to its size, 
manufacturing price and reliability providing the required 
technical developing for its widely usage nowadays [13]. 
Furthermore, MEMS can provide a wide and customized range 
of solutions to most of the instrumentation needs in the industry. 
In the aerospace, for example, one of the most consolidate ADS 
provider in the world is allocating resources on related 
researches aiming to apply the MEMS technology in their 
system as can be seen on reference [14]. 

Among the MEMS sensors the transducers that are direct 
related to the objective of this work are the ones that convert 
airflow speed to electrical signal. Cantilevers, piezoelectric, 
crimped beam, turbines and thermal flow sensors are used to 
measure the fluid flow speed and shear stress in many different 
environments [15-20]. The chosen technology to be applied on 
ADS is the thermal mass flow sensors operating in calorimetric 
mode. 

Most of the TMFS available on the literature were designed 
placing the heater element above a silicon membrane to create 
a gap in the sensor substrate avoiding the heat conduction 
through the sensor structures improving the flow speed reading.  
Even though having reports of TMFS designed to operate in 
harsh environments, to succeed in the herein proposed 
application the sensor needs to cope with the huge temperature 
variation, i.e. from ambient temperature to 216.55 K (-56.5°C), 
high flow speeds, i.e. from low steady or stationary flow to up 
to 265 m/s (954 km/h), and the consequent vibration levels 
induced by the soil when taxing or running for take-off/landing. 
These operational characteristics are prohibitive for a 
membrane TMFS design approach due to the high stress levels 
being a solid-state design preferred. Another limitation found 
in the literature regards to the maximum flow speed the TMFS 
sensors can read being limited to up to 100 m/s maximum, much 
lower than the need for the proposed application [21-29]. 
Therefore, the environment where the sensor is exposed 
provides the requirements for its design and a full 
comprehension about the Fluid Mechanics and Heating 
Transport theory will drive the sensor dimensioning. Finding a 
specific solution for the equations that encompass these matters 
of science from characteristics of the proposed application like 
as the shape of the surface where the sensor is installed and the 

distance from the forward point of such surface, also known as 
leading edge, will determine its success. It might also be noted 
that the flow over an airplane in its most structural parts is very 
similar to a flow over a flat plate, which provide a flow pattern 
well known in the literature and further herein discussed. 

It is important to highlight that the results presented herein 
are mainly focused on the mechanical aspects of the TMFS 
design. Additionally, this work highlights the relationship and 
effects that the physics has over the TMFS operation stablishing 
the successful design criteria. 

The reminder of this manuscript is organized as follows: in 
the next section the TMFS Design Method and Materials 
selected are presented and discussed, on section IV the results 
obtained from numeric computational simulations are presented 
and on section V the conclusions are stated. 

II. PHYSICS OF THE APPLICATION 

The dynamic interaction of the air flowing through objects 
exposed to it is provided by the science of fluid mechanics, 
which is a branch of physics concerned with the mechanics of 
the fluids (liquids, gases, and plasmas) and the forces applied to 
them giving a mathematical description of the resulting velocity 
vector field. A few basic laws are fundamental to the herein 
subject: the law of conservation of mass, the law of 
conservation of momentum and the law of conservation of 
energy and they form a basic fundamentum. These laws bear a 
remarkable similarity to one another in their structure and a 
proper understanding about them is extremely important in 
many areas of engineering. In bio-mechanics the flow of blood 
and cerebral fluid are of particular interest; aeronautical 
engineers use their knowledge of fluids to maximize lift and 
minimize drag on aircraft and to design fan-jet engines; 
mechanical engineers design pumps, turbines, internal 
combustion engines, air compressors, air-conditioning 
equipment and so on [30-32]. 

The velocity vector field representation is provided by the 
Navier-Stokes equations, which applies to a fluid, given a set of 
particular initial conditions. These equations emerged from the 
application of Newton's second law (Momentum Equation) in 
combination with a fluid stress, that arise as consequence of the 
fluid viscosity and compressibility effects, assuming that the 
mass of an infinitesimal part of the fluid is conserved 
(Continuity Equation). For almost all real situations, it results 
in a system of nonlinear partial differential equations, which 
can be reduced to linear differential equations adopting certain 
simplifications for specific applications [31]. 

To obtain a solution for the Navier-Stokes equations that 
suits a particular problem, it is necessary to add conditions that 
need to be satisfied on the boundaries of the region of interest. 
Despite its simplicity, parallel flow over a flat plate occurs in 
numerous engineering application, what is the case in this work. 



 

 

The boundary layer arises as consequence of the fluid flow 
interaction with the surface whose it is flowing and have 
horizontally three flow patterns: laminar, transition and 
turbulent and, vertically, another three flow patterns: viscous 
sublayer, buffer layer and turbulent. Above the streamline the 
fluid flow is free from any dynamic interference from the 
surface being called as free stream region. Then, the flow on a 
flat plate have its boundary layer developed as presented in 
Figure 1 and it is defined as the layer of fluid in the immediate 
vicinity of a bounding surface where the effects of viscosity are 
significant [33]. 

 

In the laminar boundary layer, the fluid flow is highly 
ordered and it is possible to identify streamlines along which 
fluid particles move. This behavior continues until a transition 
zone is reached, across which a conversion from laminar to 
turbulent conditions occurs. Conditions within the transition 
zone change with time, with the flow sometimes exhibiting 
laminar behavior and sometimes exhibiting the characteristics 
of turbulent flow. On the fully turbulent region, generally, the 
fluid flow is highly irregular and is characterized by random, 
three-dimensional motion of relatively large parcels of fluid. 

To measure the flow velocity the proposed application will 
have a heat source transferring a constant amount of heat to the 
fluid which is transported away in the surface. The fluid 
velocity will be proportional to the loss of heat along the 
surface.  

The relative longitudinal position of the heating and sensing 
elements of a TMFS on a flat plate determine the relation 
between heat transfer and flow speed and, the heat convection 
will provide the dimensioning requirements for the heating 
element over the sensor. A measure of the flow behavior is 
given by the Reynolds Number, defining the distance where the 
flow will become turbulent and consequently demanding more 
heat to calculate the velocity. The flow transition point is then 
derived from the Reynolds Number equation, which represents 
the ratio of the inertia to viscous forces and described as [34]: 

𝑅𝑒 = ,                                (1) 

where 𝑢∞ is the free stream velocity, 𝑥 is the point over the flat 
plate where it is desired to obtain the Reynolds Number and μ 

is the fluid viscosity. The transition from laminar to turbulent is 
obtained from Equation (1) based on the transition distance 𝑥c, 
instead of 𝑥, defining the critical Reynolds Number which can 
vary from approximately 10  to 3 × 10 , depending on surface 
roughness and the turbulence level of the free stream and it is 
defined as the point where the sensor heating needs more power 
for speed reading. 

To determine the amount of heat transfer needed to measure 
the desired speed it is necessary to solve the boundary layer 
equations for the flat plate, starting its development at the 
leading edge (x=0), obtaining the temperature profile 
considering there is a non-heated length until the flow reach the 
heating element. With that information the Nusselt number, a 
dimensionless parameter used to characterize the enhancement 
of the heat transfer due to convection, can be calculated. The 
Nusselt number is defined as the ratio of heat transferred from 
a surface to heat conducted away by the fluid being defined, for 
a flat plate with constant heat transfer average, as [35]: 

𝑁𝑢 = 𝑁𝑢 | 1 −

( )
( )

( )

,      (2) 

where 𝜉 is the length of the non-heated part from the leading 
edge of the flat plat till the heating element, 𝑝 it is a constant 
that represent the flow pattern being equal to 2 for laminar and 
8 for turbulent flows and,  𝑁𝑢 |  is the average Nusselt 
Number for a plate of length 𝐿 when heating starts at the leading 
edge, being expressed by [35]: 

𝑁𝑢 = 0.680 ∙ 𝑅𝑒 ∙ 𝑃𝑟 ,                (3) 

with 𝑃𝑟 known as the Prandtl Number, which is defined as the 
ratio of the kinematic viscosity to the thermal diffusivity and, 
therefore, a fluid property. 

Then, with Reynolds and Nusselt Number in place, it is 
possible to obtain the needed heat transfer rate average as [35]: 

ℎ =
∙

.                                  (4) 

The electrical power that the heated element needs to 
generate to measure the intended flow speed is equal to the total 
heat transfer rate times the heating element area times the 
temperature difference between the heater and the fluid. It is 
expressed by [35]: 

𝑞 = ℎ ∙ 𝐴 ∙ 𝑇 − 𝑇 ,               (5) 

where, 𝐴ℎ  is the heater surface area, 𝑇ℎ is the heater 
temperature and 𝑇𝑓 is the fluid temperature. 

The assumptions to calculate the dimensions of the 
calorimetric TMFS heater are: 1) the sensor is placed before the 
boundary layer transition point measuring laminar flow speed, 

Figure 1.  Velocity boundary layer development on a flat plate. 



 

 

2) the distance between the leading edge and the heating part of 
the sensor is not heated and 3) the calorimetric TMFS is placed 
in the skin of a semi-wing structure that maintain the air flow 
parallel to the sensor regardless the aircraft maneuver. 

III. TMFS DESIGN METHOD AND MATERIALS 

The TMFS is geometrically simple, having three elements 
placed over a substrate being one heater and two temperature 
sensors properly thermally insulated from each other. The 
calorimetric sensor features the capability to measure flows at 
low and high-speed rates with high sensitivity provided its 
heating temperature is kept constant [36]. The Figure 2 presents 
a type of conceptual design of a calorimetric TMFS sensor 
operation. 

 

The TMFS herein proposed have its heater element built as a 
serpentine, with “N” loops, forming a rectangle, allowing a 
uniform thermal plume formation and distribution over the 
plate [37,38]. The temperature sensors are thin metal strip bars 
placed closed and at the opposite ends of the heater and these 
elements are positioned in such way that the airflow will cross 
them perpendicularly. The thermal sensors and the heater 
terminals will be accessed in the back side of the chip using a 
Through Silicon Via (TSV) etching technology to allow a 
surface as smooth as possible to not disturb the airflow. 
Furthermore, an additional layer of a specific material for 
TMFS coating will be necessary to protect the sensor elements 
against the harshness of the environment. The details about the 
materials selection will be further discussed. The proposed 
TMFS is presented on Figure 3, where the following applies: 

a is the distance between the temperature sensor and 
the TMFS chip edge; 

b is the distance between the temperature sensor and 
the heater; 

d is the distance between two consecutive heater 
serpentine laps; 

SH is the temperature sensor height; 
HH is the heater height; 
CH is the TMFS chip height; 
SW is the temperature sensor width; 

HW is the heater width; 
CW is the TMFS chip width; 
SD is the temperature sensor depth; 
HD is the heater depth; 
CD is the TMFS chip depth; 
CtD is the coating depth; 
ID is the thermal insulation depth; 
SubD is the substrate depth; 
SL Substrate length area hosting the temperature 

sensor metal; 
e is the distance from the thermal sensor plateau 

edge to the heater; 
N is the heater serpentine number of laps. 
 

The quantities quoted in the above figure are fully defined 
from Table 2 to Table 4 and the next subsections will present 
the outcomes of the TMFS design and dimensioning criteria. 
The CMOS manufacturing sequence and technology to be used 
to build the designed TMFS is out of scope of this work and 
will not be herein discussed. 

A. Micro-Heater Dimensioning  

To ensure efficient heating transfer to air and prevent thermal 
leakage to the sensor elements, the micro heater serpentine coil 
is placed over a material with extremely poor thermal 
conductivity, observing the following assumptions: 

a. The sensor is placed at 1 cm away from the flat 
plate leading edge being not placed closed to its 
corners, avoiding this way any turbulence effect; 

b. The worst-case scenario for power requirement is 
assumed to be when the aircraft is flying at high 
speeds and altitudes (superior corner of aircraft 
operational envelope), where the fluid 

 
Figure 2.  Principle of operation for thermal mass flow sensor. 

(a) 

 
(b) 

Figure 3.  TMFS geometric dimensions (a) top view and (b) side 
view. 



 

 

temperature is the lowest and the speed is the 
highest as possible. Thus, the boundary conditions 
are as presented on Table 1. 

TABLE 1: HEATER DESIGN BOUNDARY CONDITIONS. 
Initial Condition Value 
Air Temperature* 216.65 K 

Flow Speed(u )  295 m/s  

Prandtl Number (P )* 0.7328 

Kinematic Viscosity (𝜐)* 5.4169x10-5 m2/s 

Dynamic Viscosity (𝜇)* 1.4216x10-5 Pa.s 

Transition Reynolds  5x105 

Thermal Conductivity (𝜅)* 1.9518x10-2 W/mK 

Air Density (𝜌)* 0.262178 kg/m3 

Air Specific Heat (𝑐 )* 1.0061 KJ/Kg.K 

Sound Speed (𝑎)* 295.069 m/s 

Heater Temperature 573.15 K 
* AIR PROPERTIES @ 43,000FT ACCORDING TO INTERNATIONAL STANDARD 

ATMOSPHERE (ISA). 

The strategy for the heater design is based on calculate the 
required power dissipation for flow velocity measure at the 
point of interest and, consequently, the heating area and its 
cross-section size by using Equation (5) which is a 
representation equivalent to the electrical power law 𝑃 = 𝑅 ∙ 𝐼 . 
In face of these parameters, the micro heater resistance is 
defined in accordance also with the operational voltage 
available for aircraft instruments (12 V). Thus, the resistance is 
then dimensioned to have 132 Ω. The Table 2 presents the 
dimensions of the heater, having its metrics defined as 
presented on Figure 3, where it conforms to the design 
requirements for the operation of the sensor under flight 
conditions. The material chosen to form the heater was tungsten 
for providing high melting point and conformity to 
conventional semiconductor manufacturing process. 

TABLE 2: HEATER DIMENSIONS. 
Dimension Value 
Power (𝑞 ) 13.04 Watts 
𝜌 * 3.61x10-8 Ω.m 

d 50x10-6 m 

HW 3x10-3 m 

HD 1x10-6 m 

HH 50x10-6 m 

N 60 

Computed Resistance 132 Ω 

𝑥 ** 0.092 m 

* THIS IS THE RESISTIVITY FOR THE TUNGSTEN AT THE TEMPERATURE OF 

216.65K; ** ASSUMING CRITICAL REYNOLDS NUMBER EQUAL TO 105, 
CALCULATED USING EQUATION (1) BY ISOLATING THE TERM “X”, AT THE 

TEMPERATURE OF 216.65K. 
 
The distance measured from the flat plate leading edge to the 

end of the TMFS heater, is equal to 0.013m. This distance is 
approximately 7 times lower than 𝑥c, indicating that the flow 
transition will occur far away from the TMFS, meaning it will 

be measuring the laminar flow speed. 
 

B. Thermal Sensors Dimensioning  

The usage of silicon (Si) to build temperature sensors is very 
common thanks to the low-cost fabrication process and to be 
fully compatible with the CMOS technology. However, the 
physical properties of silicon degrade when high thermal 
budgets are involved making Si-based devices not suitable for 
temperatures exceeding about 130°C [39]. In this context, 
silicon carbide (SiC) is the most promising candidate for 
applications in hostile or harsh environments with respect to Si 
and other related materials operating up to 1000°C [40-43].  

The Schottky diode is a semiconductor diode formed by the 
junction of a semiconductor with a metal having a forward 
voltage varying almost linearly with the temperature at a fixed 
current value where its temperature sensitivity is inversely 
proportional to the junction area [43]. 

The Schottky diode is designed to have the dimensions as 
presented on Table 3. 

TABLE 3: SCHOTTKY DIODE DIMENSIONS. 
Dimension Value 
a 10x10-3 m 

SW 3x10-3 m 

SD 0.5x10-6 m 

SH 10x10-6 m 

SL 1006x10-5 m 

 
The material chosen for the sensing elements relies on the 

transduction techniques adopted, which for this application, the 
temperature variation is measured through metal-
semiconductor junctions (Schottky diode) by taking advantage 
of its construction simplicity [44]. The junction is then defined 
by a Gold (Au) and N-Type Silicon Carbide (SiC). The 
manufacturing processes of these junctions are easily 
implemented through thin-film deposition, compatible with 
semiconductor technologies. 

C. Others TMFS Elements Dimensioning  

Among the geometric dimensions presented on Figure 3, the 
ones that were not yet defined are: the coating layer (CtD), the 
thermal insulation layer (ID), the silicon carbide substrate 
thickness (SubD), the distance from the thermal sensor plateau 
edge to the heater (e) and the distance between the temperature 
sensors and the heating element (b). This last one, will be 
initially assumed to be equal to 10 µm and detailed discussed 
on the conclusion section once this definition will be validated 
with support from a CFD simulation presented on results 
section. 

The thermal decoupling and subsequent thermal 
management among the TMFS elements (substrate, heater and 
temperature sensors) is one of the most important design 



 

 

characteristics which will allow a high flow sensitivity and an 
enhanced TMFS operation [45-47]. The widely insulation 
method reported on the literature is accomplished by placing 
the TMFS elements over a membrane avoiding the heating 
transport, via thermal conduction, through the substrate [29, 44, 
45]. Although, a supported membrane is not indicated to 
operate in the proposed application due to the high level of 
stress it will be subject as consequence of the high-speed 
interactions and aircraft vibration levels. Therefore, the 
preferred approach is to design the TMFS exploring the 
building materials thermal characteristics to have, at the end, 
the desired behavior. 

The thermal insulation material shall have a very poor 
thermal conductivity and a high electrical resistivity to avoid 
the heat conduction through it and the short circuit of the TMFS 
elements. Glasses are, from a thermodynamic point of view, a 
molten liquid cooled at a rate sufficiently rapid to fix the 
random microscopic organization of a liquid and avoid the 
crystallization process to operate. Therefore, by contrast with 
crystallized solids, glasses do not exhibit a clear melting point 
temperature and the structural change is only reported by an 
inflection in its temperature-time curve. They are excellent 
electrical insulators, presenting a lower thermal conductivity 
and the basic components for silicate glasses are silicon dioxide 
(SiO2), calcium oxide (CaO) and sodium oxide (Na2O). The 
borosilicate glass (BSG), a composition of silicon dioxide, 
boron trioxide (B2O3), sodium and aluminum oxide (Al2O3) has 
been chosen to form the thermal insulation layer among the 
substrate and the TMFS elements by being CMOS compatible. 
The thermal insulation depth, empirically, is defined to be at 
least twice the heater depth (HD), which has been chosen as 1 
µm as presented on subsection A inside this section. Therefore, 
the dimension for ID will be 2 µm. 

In order to protect the TMFS elements against the harshness 
of the environment where it will be subject, a layer of a coating 
material will be used. The desired characteristics are a high 
thermal conductivity and electrical resistivity allowing the heat 
propagation from the TMFS through the environment and 
avoiding the short circuit of its elements. The polycrystalline 
diamond (PCD) is used in many different applications such as 
cutting tools for machining non-ferrous metals and non-metallic 
materials, rock drilling operations and in the semiconductor 
industry due to its thermal, mechanical, electrical and chemical 
characteristics [46, 47]. The usage of such material for coating 
of heated elements or semiconductors are widely used by 
deposition of thin polycrystalline films with outgrowing 
diamond grains (OGD). The coating thickness (CtD) is also 
defined empirically as having 0.5 µm. Therefore, the remaining 
TMFS elements dimension is summarized on Table 4. 

TABLE 4: OTHER TMFS DIMENSIONS. 
Dimension Value 
CtD 0.5x10-6 m 

ID 2x10-6 m 

SubD 300x10-6 m 

e 5x10-6 m 

b 10x10-6 m 

The next section will present the results of a finite-element 
analysis, performed on the ANSYS Multiphysics software, to 
assess how the heating element will interact with the airflow on 
specific flight conditions and a heating propagation analysis, 
performed on the COMSOL Multiphysics software, to assess 
the thermal decoupling among the TMFS elements aiming to 
validate the dimensions and materials usage 

IV. RESULTS AND DISCUSSION 

The results presented herein were obtained aided by 
ANSYS® (student version 2019 R2) and COMSOL® 
Multiphysics (version 5.5). The first one aims to evaluate how 
the heating plume will dynamically behave when the sensor is 
operating at high speed in three different conditions, covering 
few points of a generic flight envelop and define the best 
distance between heater and thermal sensors. The second one 
aims to assess, at low flow speed, how the heat will propagate 
among TMFS solid elements in order to validate its dimensions, 
mainly the thermal insulation and TMFS coating layers. Each 
of these tools has limitations and they have leaded the decision 
to use two different software to generate complementary 
results. ANSYS® has a very good solver and can resolve any 
fluid flow pattern without imposing limit for its speed, having 
the drawback to be computationally expensive being required 
in most of its applications to be run in super computers.   
COMSOL® Multiphysics is much less computationally 
expensive than ANSYS® and much friendly user having, 
however, its solver limited to resolve flow patterns with speed 
not higher than 0.3 Mach, which at sea level equals to 102 m/s 
(367,2 Km/h). Some simplifications were made on each 
simulation and they are further herein discussed. 
 

A. Convective Heat Solution  

The results presented herein were produced aided by 
ANSYS® Multiphysics software running in a supercomputer 
hosted at University of Southern Denmark (SDU) and aims to 
confirm that the assumptions made to dimension the heating 
element are correct validating its capability to generate heat to 
be transported at high flow speeds to the temperature sensors 
allowing the flow speed calculation. Additionally, it will 
support the definition of which distance the thermal sensors 
have to be kept from the heater in order to have an enhanced 
measurement capability. Thus, there were simulated three 
different flight conditions: Climb, Cruise and Landing. The air 
properties used to simulate these conditions were taken from 
the Manual of the International Civil Aviation Organization 
(ICAO) Standard Atmosphere and are as presented on Table 5. 

TABLE 5: AIR STANDARD ATMOSPHERE PROPERTIES FOR ANSYS 

SIMULATION. 
 Climbing Cruise Landing 
Altitude (feet) 10000 45000 1000 

Speed (Mach) 0.7 0.9 0.5 

Ambient Temperature (K) 225.15 216.55 286.15 

Density (kg/m3) 0.904636 2.38245 1.18955 

Dynamic Viscosity (Pa.s) 1.69 x10-5 1.42x10-5 1.77 x10-5 



 

 

 Climbing Cruise Landing 
Sound Speed (m/s) 328.393 295.069 339.122 

Kinematic Viscosity (m2/s) 1.87 x10-5 5.96 x10-5 1.49 x10-5 

Thermal Conductivity 
(W/m.K) 

2.37 x10-2 1.95 x10-2 2.51 x10-2 

Pressure (hPa) 6.96 x102 1.48 x102 9.77 x102 

 
In order to reduce the computational cost to solve the 

problem the TMFS model was reduced to its equivalent 
rectangular heated area and the meshing was generated with a 
high granularity level (minimum node size of 6.27mm and 
maximum node size of 12.53mm) until the corner of this 
geometry increasing the element size when moving away from 
it in a tri-dimensional volume generating a mesh with 2,520,890 
nodes and 2,455,800 elements. Figure 4 show how the mesh 
was built to solve the CFD problem and the heater element is 
highlighted. 
 

The results obtained from each simulation condition, with 
different airflow speed and air properties are presented on 
Figures 5, 6 and 7. 

 
In all three conditions it is possible to observe a prominent 

heat plume with the most critical condition for heat exchange, 
i.e. by convection, being the cruise flight phase showing that 
the amount of heat generated will be sufficient to measure the 
intended variable, as expected once the element was 
dimensioned for this condition. Additionally, the heat boundary 
layer appears to be inside the airflow viscous sublayer meaning 
that the heat transfer will not be affected by turbulent effects as 
presented in Figure 3. 

B. Conductive Heat Solution  

 
The results presented herein were produced aided by 

COMSOL® Multiphysics software running locally and aims to 
assess how the heat generated by the TMFS heater will be 
transported through the sensor elements and thus validate the 
sensor dimensions and materials selected. The major concern to 
be assessed herein is the thermal insulation thickness and its 
capability to isolate the heat from heater avoiding its coupling 
with the thermal sensors through TMFS substrate. Additionally, 
the TMFS coating layer will be assessed against its capability 
to allow the heat pass by without causing any considerable 
disturbance for either, the thermal sensors and the environment 
being measured. The Table 6 present the physical properties for 
each TMFS element [48, 49]. 

 
 
 

 

 
(a) 

 
(b) 

Figure 5.  Meshed TMFS and control volume for ANSYS® 
Multiphysics solving (a) Top View and (b) Diagonal View.  

 
(a) 

 
(b) 

Figure 4.  ANSYS® Multiphysics solution for Climbing condition 
(a) Top View and (b) Diagonal View. 

  



 

 

TABLE 6: OTHER TMFS DIMENSIONS. 

TMFS 

ELEMENT 
PROPERTY UNIT VALUE 

 Electrical Resistivity Ωm @ 20ºC 10  
 Thermal Conductivity W/m – K 114 

Substrate Young’s Module Nmm2 4.15x105 
(SiC) Poisson’s Ratio N/A 0.16 

 Density gcm-3 @ 25ºC 3.16 

 Melting Point ºC 2830 

 Specific Heat Capacity J/g-°C 0.670 

 Electrical Resistivity Ωm @ 20ºC 1x108  

 Thermal Conductivity W/m – K 1.2 

Insulation 
(BSG) 

Young’s Module Nmm2 63x103 

Poisson’s Ratio N/A 0.20 

 Density gcm-3 @ 25ºC 2.23 

 Melting Point ºC 800 

 Specific Heat Capacity J/g-°C 0.83 

 Electrical Resistivity Ωm @ 20ºC 3.5x108  

 Thermal Conductivity W/m – K 1200 

Coating Young’s Module Nmm2 7.49x105 to 
9.53 x105 

(OGD) Poisson’s Ratio N/A 0.069 

TMFS 

ELEMENT 
PROPERTY UNIT VALUE 

 Density gcm-3 @ 25ºC 3 to 4 

 Melting Point ºC 500 to 900 

 Specific Heat Capacity J/g-°C 2.76 to 3.49 

 Electrical Resistivity Ωm @ 20ºC 5.65x10-8  

 Thermal Conductivity W/m – K 174 

Heater Young’s Module Nmm2 4.11x105 

(Tungsten) Poisson’s Ratio N/A 0.280 

 Density gcm-3 @ 25ºC 19.3 

 Melting Point ºC 3687 

 Specific Heat Capacity J/g-°C 0.134 

 Electrical Resistivity Ωm @ 20ºC 2.44x10-8  

Thermal 
Sensor 

Thermal Conductivity W/m – K 300 

Young’s Module Nmm2 79x103 

(Au) Poisson’s Ratio N/A 0.42 

 Density gcm-3 @ 25ºC 19.32 

 Melting Point ºC 1064 

 Specific Heat Capacity J/g-°C 0.133 

 
 

 
(a) 

 
(b) 

Figure 7. ANSYS® Multiphysics solution for Cruise condition (a) 
Top View and (b) Diagonal View. 

  

 
(a) 

 
(b) 

Figure 6.   ANSYS® Multiphysics solution for Landing condition (a) 
Top View and (b) Diagonal View. 



 

 

The geometry was created in two dimensions, from TMFS 
side view similar as Figure 5 (b), to save computational 
resources, allowing it to be locally solved without 
compromising the outcoming assessments. The Figure 8 shows 
the geometry build. 

 

To define all boundary conditions, it was necessary to add on 
top of the TMFS geometry, as seen on Figure 10 (a), a volume 
that represents the air flowing above the sensor. After this, the 
mesh was automatically generated on COMSOL® Multiphysics 
using the “extra fine” element size generating a total of 405,131 
elements with a minimum quality of 0.2526 and average quality 
of 0.8305. The air inflow was set as the left side of the volume 
control and the outflow as the right side. Figure 9 shows the 
meshed geometry. 

The air properties and conditions used to solve this heat 
transfer in solids and fluid problem were defined as presented 
on Table 7. 

TABLE 7: AIR STANDARD ATMOSPHERE PROPERTIES FOR COMSOL® 

MULTIPHYSICS SIMULATION. 
 On Ground 
Altitude (feet) 3280 
Speed (Mach) 0.01 

Temperature (K) 298.15 

Density (kg/m3) 1.41794 

Dynamic Viscosity (Pa.s) 1.8376x10-5 

 On Ground 
Sound Speed (m/s) 346.192 

Kinematic Viscosity (m2/s) 1.2960 x10-5 

Thermal Conductivity (W/m.K) 2.6131 x10-2 

Pressure (hPa) 1.21384 x103 

The simulation was solved as a time dependent problem with 
time length equal to 10s and steps of 0.01s. The heater 
temperature was set to be constantly equal to 573.15 K and 
temperatures on points of interest were measured in order to 
assess the thermal behavior of the TMFS elements and 
interaction with the fluid. The chosen condition is understood 
as the worst operation scenario for the TMFS operation on 
perspective of heat transfer and thermal coupling among 
sensing elements and the heating source. The obtained results 
are presented on Figure 10. 

Figure 8.  TMFS geometry for COMSOL® Multiphysics Simulation 
(a) Full side view (b) Zoom in on left temperature sensor and heater 
terminals and (c) Zoom in on right temperature sensor and heater 
terminals. 

  

 
Figure 9.  Meshed TMFS and control volume for COMSOL® 
Multiphysics solving. 
  

 
(a) 

 
(b) 

 
(c) 

 

Figure 10.  TMFS COMSOL® Multiphysics Solution (a) Full side view (b) Zoom 
in on left temperature sensor and heater terminals and (c) Zoom in on right 
temperature sensor and heater terminals.  



 

 

The simulation has converged on the 40th time step at 0.93s 
and the temperatures along the boundary system were 
according to Table 8. 

TABLE 8: BOUNDARY SYSTEM STEADY STATE TEMPERATURES. 
Probes Temperature [K] 
Air Maximum 573.15 

Air Minimum 297.91 

Left Thermal Sensor 572.93 

Right Thermal Sensor 573.13 

Heater 573.15 

Substrate 573.14 

 
It is possible to observe that for low steady flow condition 

the heat generated by the heating element propagate to the 
whole TMFS body leading to a low temperature difference 
between the upstream and downstream temperature sensors. 
Additionally, the thermal insulation layer had a very limited 
effect in avoiding heat to be transferred, i.e. by conduction, 
through the substrate. Indeed, heat management is one of the 
most critical challenge to be tackled in TMFS design and the 
results herein presented will drive important conclusions about 
this design characteristic and it will be further discussed. 

 

V. CONCLUSIONS 

This paper has presented a systematic and concise approach 
for a calorimetric TMFS dimensioning to be applied in an Air 
Data Systems providing the rationales behind the selection and 
design of such type of sensor. The overall results are considered 
satisfactory. The CFD and Heat Transport on Solids results are 
complementary to each other once one of them assess the 
convective effect of the heat transfer at high flow speeds, 
critical for heater dimensioning, and the other assess how the 
conduction effect through the TMFS body affects the 
temperature readings due to thermal coupling. These two results 
were obtained in their respective worst scenario. 

Our CFD solutions show that the thermal profile generated 
by the interaction between the fluid flow and the heater, on all 
conditions assessed, appears to be placed inside the viscous 
sublayer, remaining undisturbed by turbulence effects 
originated from the surface geometry and flow speed. 
Additionally, the thermal plume downstream the heater is 
prominent implying that the delta temperature will be sufficient 
to clearly define the airflow speed. This will enhance the TMFS 
capability to operate at high speeds subjected during the flight. 
This is a promising result once it indicates that the calorimetric 
TMFS has real potential to succeed in the proposed application.  

Furthermore, our heat transport on solids calculations 
indicate that the temperature generated by the heater affects the 
whole TMFS body mass, compromising the headings by the 
temperature sensors and leading to only a small difference 
between upstream and downstream sensors. Since this 
temperature difference is the core quantity for the airflow speed 

measurement, it will most likely impose an operational limit for 
the TMFS sensor when a stationary airflow is present. 
Workarounds for this issue could involve placing an additional 
temperature sensor further upstream to allow the non-heated air 
temperature measurement to mathematically correct (bias) the 
temperature readings, similar to a cold junction compensation. 
On the other hand, once the sensor is placed inside the laminar 
flow zone (transition occur, i.e. 𝑥c, at 7 times the TMFS length) 
it would be possible to create a thermal barrier, as thick as 
needed, between thermal sensors and heater increasing the 
sensor dimension horizontally without incur the risk of placing 
the TMFS in the transition or turbulent zones where convective 
effect is accentuated. Indeed, the heat management in TMFS is 
one of the key factors to succeed in a proposed application and 
have a reliable component, item so important for the aerospace 
industry. More work towards this direction need to be done to 
improve the design herein presented. 

 

DATA AVAILABILITY 

The simulation models can be accessed on: 

de Carvalho Ribeiro, Lucas (2020), “TMFS - Mechanical 
Analysis”, Mendeley Data, v1 
http://dx.doi.org/10.17632/xpmw5j6h7d.1 
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