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Abstract— This paper evaluates the impact of the operating 

modes, power consumption, and placement of temperature sensors 

against the heater to the design of a calorimetric flow sensor, for 

the range of 4.7 to 56.5 liters per minute (slm). In contrast to 

previous works most of which simply indicated the choice of 

various design parameters rather than providing a justification, 

this work provides useful guidelines for optimizing low-power 

small-area flow sensors for respiratory monitoring applications. A 

figure of merit (FoM) which is defined as the product of power 

consumption and sensor size, the two most challenging design 

parameters in developing small medical devices and systems, is 

proposed for quantifying flow sensor performance. Although the 

analysis and simulation was drawn upon designs in the mm scale, 

a similar optimization process can be applied to flow sensors of any 

size. 

I. INTRODUCTION 

Flow sensors are widely used in medicine for measuring 
respiratory flows. The purpose of their use vary from routing 
monitoring, such as for mechanically ventilated patients [1], to 
early diagnosis of certain diseases or medical complications, 
such as asthma [2]. 

Thanks to the rapid advance of microfabrication technology 
[3], thermal-type flow sensors are becoming increasingly 
prevalent in biomedical applications [4][5][6] where the 
physical size of the sensor is of great importance. Thermal flow 
sensors require no moving parts, can be made very small and 
offer high sensitivity to low flow rates. Among the most 
common topologies of thermal flow sensors in miniature 
medical devices or microsystems is the calorimetric type as it 
can be implemented in an easy and inexpensive way while it 
offers good accuracy as well as flow orientation information. 
Their operation is based on the temperature gradient near the 
central heater that arises when flow occurs. This gradient can be 
measured by two equally spaced temperature sensors at the 
upstream and downstream of the flow, respectively [7]. 

A flow sensor for respiratory monitoring applications needs 
to be as small as possible in order to minimize interference to 
flow. Any impeding to the flow may lead to turbulence, which, 
consequently, results in an increase in the flow resistance. It is 
important that any considerable increase in flow resistance, 
especially in cases of continuous respiration monitoring for 
patients with breathing difficulties, should be avoided. Also, the 
temperature rise due to the heater should be small enough if the 
sensor is placed close to human tissue so it does not cause any 
burn or discomfort to the patient or alter the property of the fluid. 

Excessive power must also be avoided since it increases the 
thermal load that might lead to the sensor’s breakdown. 

The majority of previous and existing works on flow sensors 
limit themselves to one [8] or several of the operating modes, 
such as constant power and constant temperature. However, they 
gave no clear justification why a particular mode was chosen and 
provided no evidence for the chosen distance between the heater 
and the temperature sensors [9]. 

For miniature calorimetric flow sensors, the power 
consumption and the physical size of a flow sensor system are 
the two most important parameters that need to be optimized. 
The power consumption of a flow sensor system consists of the 
heater power and the power of the readout electronics. The latter 
is usually much smaller than the former, and the optimization of 
the power for readout electronics depends on the circuit design 
techniques and manufacturing. The size of the readout 
electronics (incl. temperature sensors, ADCs, etc.) can be made 
very small, should commercial purpose-made integrated circuits 
are used. Therefore, the size of a flow sensor is defined 
proportional to the distance between the heater and the 
temperature sensor. 

In this paper, we compare calorimetric flow sensor 
performance under the three possible operating modes and 
provides guidelines on how to optimize sensor design towards a 
novel figure of merit which is defined as the product of heater 
power and sensor size. 

II. DIFFERENT OPERATING MODES 

King derived an experimental equation for the convective 
heat transfer from an infinite cylinder in an incompressible low 
Reynolds flow, that correlates the Nusselt with the Reynolds 
number, known as King’s law [10]: 

 𝑁𝑢 = 𝐴′ + 𝐵′√𝑅𝑒 (1) 

where A’ and B’ are constants that depend on the geometry and 
the materials of the flow sensor, Nu and Re are the Nusselt and 
Reynolds numbers, respectively, and defined as: 

 𝑁𝑢 =
ℎ 𝐿

𝑘
 (2) 

 𝑅𝑒 =
ρ 𝐿

𝜇
𝑈  (3) 

where h is the heat transfer coefficient and L is the characteristic 
length of the system. In addition, ρ, k, μ and U are the fluid’s 
density, thermal conductivity, viscosity and velocity, 
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respectively. According to the Newton’s law of cooling, h is 
related to the convective heat flux q (W/m2) as: 

  ℎ =
𝑞

𝑇ℎ𝑜𝑡−𝑇∞
  (4) 

where Thot is the temperature of the heater and T∞ is the inlet fluid 
temperature (assumed to be unaffected by the heater). 
Substituting (2), (3) and (4) into (1), it can be proven that: 

 
𝑃

(𝑇ℎ𝑜𝑡−𝑇∞)
= 𝐴 + 𝐵√𝑈 (5) 

where P=q∙S is the power generated at the heater and S is the 
surface area of the heater, A and B are the new constants that 
depend on the fluid, geometry and materials of the flow sensor. 
Based on (5), a flow sensor’s heater can possibly work in one 
the following three operating modes: Constant Power (CP) 
where P is constant; Constant Temperature (CT) where Thot is 
constant (and P is varied); and Constant Temperature Difference 
(CTD) where Thot − T∞ is constant (and P is varied). 

III. SIMULATION SETUP 

The simulation model is shown in Fig. 1. A two-dimensional 
design of a flow sensor has been developed using the COMSOL 
Multiphysics® software, consisting of a heater with dimensions 
3.15 mm (width) × 0.4 mm (height) placed on a printed circuit 
board (PCB) while a tunnel of 20 mm diameter is created over 
it. U∞ is the far-field, uniform velocity of the incoming air. 
Assuming that there is not any heat or velocity gradient in y 
direction, a 2D model should be adequate to optimize the flow 
sensor. In addition, the flow within the tunnel is defined as 
laminar, starting developing from the edge of the board. The 
choice of a laminar flow is rather important since it defines the 
set of equations that describe the flow profile and the 
temperature distribution in the fluid. Also, it is assumed that the 
pressure drop between the inlet and outlet is negligible, thus, the 
flow is considered as incompressible and there is no work done 
due to zero pressure difference. Since the contribution of 
radiation towards heat transfer is practically insignificant when 
being compared to that of the forced convection, only the latter 

is considered in the simulation which also makes the simulation 
faster. On the other hand, the main heat transfer phenomenon 
within the boards and heater, is conduction, described by the 
diffusion equation: 

 ∇2𝑇 +
𝑞

𝑘
=

1

𝑎

𝑑𝑇

𝑑𝑡
 (6) 

where q is the volumetric heat rate and α the thermal diffusivity 
of the material of interest. However, since it is a steady-state 
problem while heat is generated only in the heater, Eq. (6) can 
be simplified to the Laplace’s equation ∇2𝑇 = 0 and ∇2𝑇 +
𝑞 𝑘⁄ = 0 for the boards and heater, respectively. The rest of the 
boundary conditions are the insulation at the external walls of 
the boards highlighted in Fig. 1, and the convection surface 
condition between the inner boards’ walls and the fluid. The heat 
loss from the heater is either through the flow or to the substrate. 
The latter is dictated by the thermal conductivities of the board 
and heater and it can be minimized by choosing a board material 
with smaller k. The optimization of the heat loss through the 
substrate is beyond the scope of this paper as it would be specific 
to different board materials. 

The different properties of various parts in the setup are 
listed in Table I. Furthermore, the relative humidity of the fluid 
is defined as 90% while the simulations are performed for two 
different T∞, 20 oC and 35 oC, in an effort to reproduce the 
environment of a medical flow sensor during respiration, such 
as that at the distal end of an intratracheal tube. 

The output of the flow sensor is the temperature difference, 
ΔT(D,U∞), between the two temperature sensors (see TS1 and 
TS2 in Fig. 1) which are placed symmetrically on either side of 
the heater. For a defined velocity, a high temperature difference 
is important because i) it indicates the sensor is sensitive to the 
flow, hence able to measure small changes of flow and ii) it is 
then relatively easy to implement a temperature readout circuit. 
However, the high temperature difference may come at the 
expense of an elevated power consumption and increased sensor 
size. The simulated velocities are 0.25, 1.25 and 3 m/s, which 
correspond to 4.7, 23.6 and 56.5 slm for the aforementioned 
setup. A respiratory rate of 12 to 18 breaths per minute is 
considered normal for healthy adults at rest [11]. Considering a 
tidal volume of 500 mL, the flow rate of a healthy individual at 
rest can be approximated as 12 to 18 slm. Hence, the simulated 
velocities cover a variety of breathing conditions of different 
flow rates.  

The initial conditions for all three modes are set as 5 W for 
3 m/s inlet velocity at 35 oC. As a result, the CP operates at 5 W, 
the CT at 45.1 oC, and the CTD at 10.1 oC overtemperature.  

IV. SIMULATION RESULTS 

A. Different Operating Modes 

Fig. 2 shows the simulation results for different operating 
modes. The first column shows the heater power vs. velocity (in 
bar graphs) and heater temperature vs. velocity (in line curves) 
for the CP, CT and CTD modes while the second column shows 
the temperature difference between the two temperature sensors 
when the distance between the temperature sensor and the heater 
is swept from 0 to 13.4 mm. In the CP mode the Thot varies 
depending on the T∞ and velocity (Fig. 2a). It is also shown that 
for a defined distance D from the heater, the output is 

TABLE I.  PHYSICAL PROPERTIES OF MATERIALS USED 

 
Heater 

(Ni) 

Board 

(FR4) 

Air 

(35oC) 

Thermal 

Conductivity 
k (W/m∙K) 11.3 0.3 0.027 

Density ρ (kg/m3) 8400 1900 1.13 

Specific Heat 

Capacity 
CP (J/kg∙K) 450 1369 1007 

Dynamic 

Viscosity 
μ (kg/m∙s)   1.9×10-5 
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y
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Figure 1. Illustration of the simulation setup. The temperature sensors TS1 

and TS2 are placed symmetrically to the heater at distance D. The yellow line 
highlights the thermal insulation points of the model. 

 



independent of T∞ (Fig. 2b). Hence, the CP mode does not need 
an extra temperature sensor which is distant to the heater for 
measuring the original gas temperature. However, excessive 
temperatures might be reached at the heater when there is low or 
no flow through the sensor, and consequently, they may cause 
discomfort to the patient if the flow sensor is placed close to 
human tissue. 

In the simulations for the CT mode, a wide range of power 
(2.15 ~ 12.4 W) is needed to keep the temperature constant (Fig. 
2c). Hence electronics with high power rating are needed, 
increasing the dynamic range and physical size of the feedback 
circuits. In addition, Fig. 2d shows that for different T∞, the 
output ∆T for a given distance D, is not constant. As a result, an 
inlet temperature sensor is necessary for the correct velocity 
prediction, further increasing the complexity of the feedback 
circuitry. This is why most of the existing sensors [12] that 
operate in the CT mode have stable inlet gas temperature for 
eliminating the need for inlet temperature compensation. For a 
given inlet air temperature, a higher heater temperature results 
in better sensitivity to the flow at the expense of higher power 
consumption.  

The CTD operates in a similar manner to the CT, where the 
inlet temperature must be known in order to regulate the heater’s 
temperature to the correct overtemperature. It also requires the 
monitoring of inlet temperature for the correct flow 
measurement. According to Fig. 2f, the output of the CTD, i.e., 
ΔT, has the least sensitivity to flows among the three modes. 

Hence, the CTD mode requires high-resolution temperature 
sensors for distinguishing small changes of flow rates. However, 
a significant advantage of the CTD is that it requires least power 
among the three modes. 

All three modes require a certain mechanism of feedback. 
The CP mode needs to monitor the voltage and current to the 
heater simultaneously and then regulates the product of the 
voltage and current, while the CT and CTD modes need to 
regulate the heater temperature and heater-inlet temperature 
difference, respectively. A precise flow measurement will rely 
on a speedy response from the heater to different velocities 
which very much depends upon the thermal time constant of the 
heater. Hence, minimizing the sensor size and keeping the power 
low help to improve the measurement accuracy and transient 
response. 

The simulation results also validate (5) for all the modes as: 

 
𝑃

(𝑇ℎ𝑜𝑡−𝑇∞)
= 0.093 + 0.24√𝑈 (7) 

B. Optimization of Heater to Temperature Sensor Distance 

For each mode, each velocity corresponds to a temperature 
difference between the two temperature sensors. This difference, 
i.e., ∆T, for the same velocity, alters as the point of measurement 
moves away or closer to the heater. We prefer to focus on 0.25 
and 1.25 m/s velocity values since they include the most 
important volume rate range of human respiration while the 
velocity is relatively linearly related to the flow sensor’s output. 
For each mode separately, the goal is to find the distance from 

the heater where the absolute difference between the ∆T1(D,U∞
=1.25), and ∆T2(D,U∞=0.25) is the greatest, hence, to increase 

output range and sensitivity. The reason we are looking for the 
spot of the greatest difference in the outputs is that for a pre-
defined number of resolution steps, the size of measurement step 
increases as the difference becomes greater, simplifying the 
temperature sensor design to a certain extent. Consider 30 steps 
between the 0.25 and 1.25 m/s or, a resolution of approximately 
0.033 m/s. By placing the temperature sensors 1.8 mm far from 
the heater while using the CTD mode, the necessary resolution 
for the temperature sensors will be 0.8 / 30 = 0.027 oC (the 0.8 
value is derived by the CTD plot of Fig. 3a at 1.8 mm). However, 
if the temperature sensors are placed 0.3 mm away from the 
heater, the resolution becomes 0.4 / 30 = 0.013 oC, making the 
temperature sensor design more challenging, requiring a 
temperature sensor with a finer resolution for the same velocity 
resolution (0.033 m/s). Also, Figs. 2d and 2f suggest that for the 
CT and CTD modes there is a certain distance Dx where the 
output ΔT(Dx,U∞) is relatively constant regardless of the U∞. It 
is that point in Fig. 3a where the output difference is zero. 
Evidently, Dx must be avoided as the position to place the 
temperature sensors since the flow sensor becomes rather 
insensitive to velocity variations. Figs. 2d and 2f also show that 
for D<Dx the output increases as the flow increases, while for 
D>Dx, it decreases for an increasing velocity. Hence, if large D 
is not an issue, larger than Dx distances can be chosen if one is 
more interested in the lower end of the velocity range. In 
addition, by comparing the two CT curves in Fig. 3a, it is evident 
that for a given temperature sensor with known measurement 
accuracy, it can measure low-temperature flows more accurately 
than high-temperature flows. 

 
Figure 2. The CP, CT and CTD mode at the first, second and third row, 
respectively. The power consumption and the heater temperature are shown in 

the first column. The temperature difference versus the distance from the heater 

is indicated in the second column. 



The simulation suggests that for the CP mode, the 
temperature sensors should be placed far from the heater for the 
highest |∆T1 − ∆T2|. In previous studies, the heater power was 
usually decided according to the predefined temperature 
sensor’s resolution and pre-defined temperature sensor 
locations. However, this is an optimization process towards only 
the power. The simulation results of this work suggest that the 
necessary temperature sensor resolution is affected by both the 
heater power and temperature sensor-heater distance which 
should be optimized together. The simulation results in Fig. 3a 
suggest that one can get a 30-step of 0.02 oC resolution between 
0.25 m/s and 1.25 m/s (i.e., ΔT1(D,1.25) – ΔT2(D,0.25) = 30 × 
0.02 = 0.6 oC) using either the CTD, the CP or the CT mode and 
by placing the temperature sensors at 0.6, 1.45 and 0.6 mm 
respectively (for the CT the case of 35 oC inlet temperature is 
considered). To have a single parameter which allows us to 
optimize power and size at the same time, a figure of merit is 
proposed which is defined as follows: 

 FoM = 𝐷min × 𝑃̅ (8) 

where Dmin is the minimum distance needed to achieve the 
necessary resolution, and 𝑃̅ is the average value of heater’s 
power over the inlet temperature and velocity range of interest. 
For both, CT and CTD mode, 𝑃̅ can be calculated using (7) and 
the mean value theorem of integrals, thus: 

 𝑃̅ =
1

𝑈𝐵−𝑈𝐴
∫ 𝑃

𝑈𝐵

𝑈𝐴
𝑑𝑈 (9) 

 𝑃̅ =
1

𝑇𝐵−𝑇𝐴

1

𝑈𝐵−𝑈𝐴
∫ ∫ 𝑃

𝑈𝐵

𝑈𝐴

𝑇𝐵

𝑇𝐴
𝑑𝑈𝑑𝑇∞ (10) 

where (9) refers to CTD and (10) to CT mode. UA, UB, TA and 
TB are equal to 0.25 m/s, 1.25 m/s, 20 oC and 35 oC, respectively. 
Table II shows that for 0.033 m/s (0.02 oC) resolution, the 𝑃̅ for 
the CP, CT, and CTD is 5, 5.22 and 2.996 W, respectively. The 
Dmin in Table II is extracted from Fig. 3a. Among the three 
different modes, the CTD has the lowest FoM for the given 
velocity range and measurement resolution. It results in 
significant power and size reduction at the expense of the 
incoming fluid’s temperature monitoring. The same analysis and 
FoM calculation can be applied to any other velocity range or 

experimental setup, providing a generic methodology for the 
optimization of calorimetric flow sensors. It can also be applied 
on a single mode. Since CP plot in Fig. 3a is monotonic for the 
distance range presented, the distance D corresponds to the Dmin 
for the relevant output difference. Fig. 3b shows the product of 
𝑃̅ and Dmin achieved over a range of output difference for 
different power values in the CP mode. The very similar product 
suggests that an increase in the heater power means the sensor 
size, which is described by Dmin, can be decreased by the same 
factor and vice versa. Hence, it indicates the interplay and the 
equal importance of P and Dmin and the fact that they should not 
be considered as two independent factors to optimize. 

V. CONCLUSION 

A model for the optimization of medical calorimetric flow 

sensors for respiratory monitoring applications to facilitate the 

design of temperature readout circuits, such as ADCs, has been 

developed. A novel Figure of Merit has been proposed, greatly 

simplifying the multi-dimensional optimization process in the 

design of calorimetric flow sensors. The performance of 

operating the heater in the CP, CT and CTD is compared. The 

simulation results suggest the CTD mode offers the best FoM 

for the given velocity range and measurement accuracy. 

Although the analysis and simulation in the paper were based 

on designs in the mm scale, the same principle and optimization 

process can be applied to any thermal flow sensor, including 

integrated sensor in sub-mm scale. 
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TABLE II.  FOM RESULTS FOR THE THREE MODES 

Mode Dmin [mm] 𝑷̅ [W] FoM [mm×W] 

CP 1.45 5.000 7.25 

CT 0.60 5.220 3.13 

CTD 0.60 2.996 1.80 

 

 
 

Figure 3. (a) Output difference for 0.25 to 1.25 m/s, for all distances away 

from the heater. The “CT [T∞=35]” overlaps with the “CTD”. (b) 𝑃̅ x Dmin vs. 

output difference for different power consumptions in the CP mode. 

 


