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Abstract— A smart thermal flow sensor system is presented. It 

makes use of a novel heater control circuit which can 

automatically set the operating mode to either constant power or 

constant temperature difference. It overcomes the limitations of 

single-mode thermal flow sensors, such as temperature overshoots 

at low flow rates at constant power mode, or excessive power 

consumption at high flow rates at constant temperature difference 

mode. The system is especially useful for temperature sensitive 

and portable applications, such as respiratory monitoring for 

medical diagnostics. In this paper, detailed description of the 

sensor’s design, implementation, and experimental validation are 

presented. The proposed dual-mode flow sensor achieves an 

overtemperature reduction up to 9.5% compared with thermal 

flow sensors operating in constant power mode alone, and a power 

reduction up to 13.6% compared with thermal flow sensors 

operating in constant temperature difference mode alone for the 

flow range of 0 to 50 slm while offering an improved overall 

sensitivity. 

 
Index Terms— Calorimetric, constant power, constant 

temperature difference, dual-mode, heater control, multi-modal, 

thermal flow sensor. 

 

I. INTRODUCTION 

LOW sensors find wide applications in various fields such 

as in industrial processes [1], meteorology [2][3], and 

medical diagnostics [4][5][6]. The principle of flow 

measurement can typically be divided into two main categories: 

thermal [7][8] and non-thermal flow sensors [9][10][11]. The 

major drawback of non-thermal topologies is that they can be 

complex and expensive to fabricate. In contrast, thermal flow 

sensors make use of heat transfer phenomena to determine the 

velocity of the fluid. They are structurally and electronically 

simpler and have no mechanical moving parts. The latter is 

highly desirable since it offers greater reliability and easier 

maintenance, while reducing the cost of fabrication. In 

addition, thermal flow sensors can be fabricated using standard 

CMOS technologies facilitating the integration with the rest of 

the electronic circuitry, or using off-the-shelf discrete 

components mounted on a printed circuit board (PCB), should 

the physical size of the sensor be less critical. 

In general, thermal flow sensors consist of heating elements 
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and temperature sensing elements, and they can be divided into 

three main sub-categories based on their methods of 

transduction, namely, hot-wire/hot-film [12][13], calorimetric 

[14][15], and time-of-flight [16][17]. A time-of-flight flow 

sensor consists of a heating element producing heat pulses, and 

a temperature sensing element at a known distance from the 

heater. The flow rate is determined from the propagation time 

needed for the heat pulse to reach the temperature sensing 

element in the known medium. A hot-wire/hot-film flow sensor 

has a single heating element exposed to the flow. The effect of 

the flow on hot-wire/hot-film’s power consumption or 

temperature is proportional to the fluid’s velocity. Similar to 

the hot-wire/hot-film, calorimetric flow sensors also have a 

heating element exposed to the flow. In addition, they have two 

temperature sensing elements, one at the upstream and one at 

the downstream, symmetrically placed against the heater. 

When there is no flow, the heater ideally creates a symmetrical 

thermal distribution around it, hence, the temperature sensors 

should measure the same temperature. However, when flow 

occurs, the thermal distribution is disturbed resulting in a 

higher temperature at the downstream than at the upstream; 

thus, the temperature difference ΔT between the two 

temperature sensors is a function of the fluid’s velocity. 

The governing equation for thermal flow sensors’ operation 

and heater’s control is derived from King’s Law [18]: 

𝑃

𝑇𝐻 − 𝑇∞

= 𝐴 + 𝐵𝑈𝑛 (1) 

where P is the power consumed by the heater, and TH and T∞ are 

the heater’s temperature and the ambient temperature of the 

fluid, respectively. A, B, and n are constants that depend on the 

properties of the fluid and on the characteristics of the materials 

used for the transducer. The medium’s velocity, U, is a 

multi-dimensional parameter, as it is a function of P, TH and T∞. 

To simplify flow measurement, it is desirable to reduce U to 

one dimension by keeping other factors that affect the flow 

constant. This is translated to operating the heater in one of the 

following modes: i) a constant P operates the heater in the 

constant power (CP) mode, ii) a constant  TH operates the heater 

in the constant temperature (CT) mode, and iii) a constant 

overtemperature, TOVER = TH – T∞, operates the heater in the 

constant temperature difference (CTD) mode. CP is beneficial 

from the power management point of view as the exact power 

consumption is always known. However, the main 

disadvantage of CP is that the heater’s temperature, TH, can rise 

substantially at zero or low flow rates, leading to potential 

hazards. For example, heaters made of materials such as 

platinum are not suitable for high TH in the presence of 

flammable gasses [19][20]. Also, increasing TH at CP mode can 
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potentially be dangerous for in-vivo use [21], since it might 

cause discomfort or even thermal destruction to nearby tissue 

when the sensor is used for measurement of physiological 

flows, such as respiration [22], intravascular [4] or, 

cerebrospinal fluid flow [23]. In contrast, temperature 

overshoot is not an issue for the CTD as the heater temperature 

is regulated. However, power consumption can be difficult to 

predict when the flow is expected to vary substantially, 

hindering the production of wearable and portable flow 

measuring devices [24]. Also, excessive power may be needed 

in high-flow conditions in order to maintain the same 

overtemperature which might also increase the system’s cost. 

Therefore, CP or CTD mode alone pose significant restrictions 

to the design of thermally safe, yet portable flow sensors. 

Operating the heater in the CT mode has also been reported in 

literature [25]. But it was mainly limited to applications where 

the ambient temperature, T∞, is constant, or when measurement 

accuracy is not critical. The CTD offers higher measurement 

accuracy than the CT as the ambient temperature, T∞, is 

compensated in the CTD. 

The prevalent heater control circuit for CTD is a Wheatstone 

bridge, as shown in Fig. 1 [26]. Its resistors’ values have been 

carefully selected to establish a desired ratio: 

𝑅𝐻

𝑅∞

=
𝑅1

𝑅2

 (2) 

where RH is the heater’s resistance, R∞ is the ambient 

temperature sensing resistor, and R1 and R2 are resistors of the 

same temperature coefficient. However, there are two main 

issues with this topology. Firstly, the branch of RH requires 

substantial current in order to operate as a heater, while the R∞ 

needs minimal current in order to avoid any self-heating that 

will lead to erroneous measurements of the ambient 

temperature. This means that R∞ is typically much larger than 

RH, which might lead to significantly large resistance values, 

even impractical in case of a miniaturized sensor. Secondly, 

unless the resistances of RH and R∞ are exponentially related to 

their temperature, the Wheatstone bridge establishes a constant 

temperature ratio rather than a constant temperature difference, 

adding an error to the measured value. The issue of self-heating 

has been addressed by Sosna et al. [27] by placing the R∞ in a 

separate Wheatstone bridge while driven by the same voltage as 

the bridge of RH. Such a topology has the benefit that low 

currents at R∞ bridge can be achieved without a large resistance 

value for R∞, avoiding self-heating. Other solutions such as in 

[28] where the resistance of R2 continuously switches between 

two predefined values, R2x and R2y, have also been proposed at 

the expense of circuit complexity and transient response. 

To establish a temperature difference between TH and T∞, Xu 

et al. [29] introduced a resistor RC in series with R∞. By setting 

the value of 𝑅𝐶 = 𝑎𝑅∞0𝑇OVER , where α is the temperature 

coefficient of the RC, RH and R∞ resistors, R∞0 is the nominal 

resistance of R∞ at its reference temperature, and TOVER is the 

intended overtemperature, a temperature difference can be 

achieved rather a temperature ratio. To the authors’ best 

knowledge, there is not a single heater control circuit for CTD 

that addresses both issues. 

For existing thermal flow sensors operating in CP mode, the 

requirement of constant power has been met by either 

closed-loop control with the aid of a microcontroller (MCU) 

[30], or with the application of constant current (CC) through 

the heater [31] or constant voltage (CV) across the heater [32]. 

However, neither CC nor CV leads to a true CP as the 

temperature coefficient of RH leads to erroneous results if not 

compensated.  

This work presents a smart thermal flow sensor which is able 

to automatically toggle between two different modes, CTD and 

CP. The former mode operates in low flow rate conditions 

eliminating the danger of potential hazardous temperature 

overshoots, whereas CP is activated in high flow rate 

conditions ensuring a better controlled power budget. The 

toggling point between the CTD and CP can be selected to suit 

individual applications. In the literature, one can find thermal 

flow sensors that have been tested for different operating 

modes, but there was no linked operation among different 

modes [33][34]. To the authors’ best knowledge, only [35] uses 

different operating modes for different wind velocities, to 

create a wind sensor of high accuracy. Nevertheless, [35] 

requires the temperature sensing elements to switch their 

operation to heating elements, and the heating elements to 

temperature sensing elements, every time the operating mode 

R1 R2

R∞RH

 
Fig. 1.  A Wheatstone bridge used as a heater control circuit in CTD mode. RH 

and R∞ are the heating element and the ambient temperature sensing element, 

respectively. 

  

Mode 

Selection

VDD

TS1

TS2

VH

IH

Temp/Impedance

Monitor

Power

Monitor

+

-

MCU

VDD2

Temp/Impedance

Monitor
I 

V 

SUB

VCTD

+

-

VCP

Vbias
CTD

CP

Flow 

reading

-
+

R 

RH

 
Fig. 2.  Functional block diagram of the proposed calorimetric flow sensor. TS1 

and TS2 are temperature sensors, and VCP and VCTD are reference voltages for 

the CP and CTD modes, respectively. 
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changes, compromising the transient response and accuracy of 

the flow sensor at mode transition. In this work, the heater and 

sensing elements do not swap their operation, while the 

toggling point has been chosen in a way that ensures a smooth 

transition between the modes of operation. The novel 

dual-mode heater control circuit also addresses common issues 

found in the literature and described above, i.e. R∞’s 

self-heating and the use of temperature ratio for the CTD, and 

the compensation for the RH’s resistance variations for the CP 

mode. 

The rest of the paper is organized as follows. Section II 

describes the architecture of the proposed dual-mode flow 

sensor, Section III and IV present the experimental setup and 

measured results, respectively, and Section V draws 

conclusions from the presented work. 

II. SYSTEM ARCHITECTURE 

The functional block diagram of the proposed calorimetric 

thermal flow sensor is shown in Fig. 2. It mainly consists of two 

sub-systems: the flow measurement circuit (in the shaded area 

of Fig. 2) and the heater control circuit. For the work presented 

here, both circuits have been implemented on printed circuit 

board using discrete components. Nonetheless, miniaturization 

is feasible using advanced microfabrication and assembly 

techniques, reducing the system’s footprint, overall power 

consumption and response time [36]. 

A. Heater Control System 

The flow sensor presented in this paper makes use of two 

closed-loop heater control circuits, one for the CTD and one for 

the CP mode, utilizing analog multipliers and analog dividers. 

Although analog multipliers and dividers have been previously 

used for either measuring temperature [37] or for maintaining 

the power constant [38], this the first time used together for 

creating a smart dual-mode calorimetric flow sensor. 

Fig. 3 depicts the proposed heater control circuit schematic. 

For the CP mode, a low TC resistor RS is placed in series for 

measuring the current, IH, through the heater RH. The voltage 

drop VRS across RS, and the voltage at the heater VH, are applied 

to an analog multiplier. Assuming G1 is the gain of the 

instrumentation amplifier INA1, and GM is the gain of the 

multiplier, the output of the multiplier VMULT is: 

𝑉MULT = 𝐺𝑀(𝐺1𝑉𝑅𝑆)𝑉𝐻 = (𝐺𝑀𝐺1𝑅𝑆) 𝐼𝐻
2 𝑅𝐻 . (3) 

Equation (3) states that the output of the multiplier is a linear 

function of the power at the heater 𝑃 = 𝐼𝐻
2 𝑅𝐻. The accuracy of 

the two gains (GM and G1), as well as the accuracy of the 

resistance value of the RS, determine the accuracy of the 

measured power. To achieve a constant power at the heater, the 

opamp OA1 forms a close-loop control which regulates the gate 

voltage of the transistor, M1, which in turn regulates the heater 

current. 

Fig. 3 also shows the proposed heater control circuit 

schematic for the CTD mode. Compared to CP, the ambient 

temperature, T∞, must be also considered; therefore, an 

additional branch with the R∞ and a low-TC current sensing 

resistor RS∞ in series is needed. This topology continuously 

calculates the resistances of both, RH and R∞, using analog 

dividers, and drives the heater’s branch based on their 

difference. Assuming GDH and GD∞ are the gains of the dividers 

for the heater and the ambient temperature sensor, respectively, 

and VVH is the heater’s voltage, VH, divided by a factor F, the 

output of the dividers VDIVH and VDIV∞ are: 

𝑉DIVH =
𝐺𝐷𝐻

𝐹 𝐺1𝑅𝑆
𝑅𝐻    and    𝑉DIV∞ =

𝐺𝐷∞

𝑅𝑆∞
𝑅∞. (4) 

Assuming that the resistances of the RH and R∞ are a linear 

function of temperature in the form of: 

𝑅 = 𝑅0(1 + 𝑎(𝑇𝑋 − 𝑇𝑅𝐸𝐹)) (5) 

where R0 is the resistance at reference temperature TREF and α is 

the temperature coefficient of the resistor, (4) can be re-written 

as: 

𝑉DIVH =
𝐺𝐷𝐻

𝐹𝐺1𝑅𝑆

𝑅𝐻0 (1 + 𝑎(𝑇𝐻 − 𝑇𝑅𝐸𝐹)) (6) 

𝑉DIV∞ =
𝐺𝐷∞

𝑅𝑆∞
𝑅∞0 (1 + 𝑎(𝑇∞ − 𝑇𝑅𝐸𝐹)). (7) 

The instrumentation amplifier, INA2, monitors the difference 
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Fig. 3.  Simplified schematic of the proposed dual-modal heater control circuit. 
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between VDIVH and VDIV∞. By selecting the gains above and the 

nominal values of the resistors, RH0 and R∞0, in a way such as: 

𝐺𝐷𝐻

𝐹𝐺1𝑅𝑆

𝑅𝐻0 =
𝐺𝐷∞

𝑅𝑆∞

𝑅∞0 = 𝐺 (8) 

the output of the instrumentation amplifier, VDIF, will be: 

𝑉DIF = 𝐺 𝑎 (𝑇𝐻 − 𝑇∞). (9) 

Similar to the CP heater control circuit presented above, VDIF 

is then applied to the negative input of an opamp, while its 

positive input is connected to voltage VCTD, corresponding to 

the desired temperature difference. 

Note that after all the different parameters (gains Gxx, RS, 

RS∞, RH0 and R∞0) have been set, measured, and trimmed if 

necessary, the topologies presented above can operate in a wide 

range of power or overtemperature, simply by setting the 

desirable voltage for VCP or VCTD, respectively. This feature 

offers great flexibility, since VCP and VCTD may be easily 

adjusted or changed even on the fly, compared to the 

Wheatstone bridge where fine adjustments are more difficult to 

be performed. Also, note that according to (8) the nominal 

values of the heater and the ambient temperature sensors, RH0 

and R∞0, do not need to be the same, but have the same 

temperature coefficient. The proposed heater control circuit 

better complies with King’s Law since it compensates for 

heater’s resistance variations in the CP, whereas it establishes a 

temperature difference rather than ratio in the CTD mode. 

The multi-modal heater control circuit was implemented on a 

PCB using off-the-shelf components. Three MPY634 chips 

from Burr-Brown have been used, one as an analog multiplier, 

and the other two as analog dividers. INA1 has been used as 

part of the signal pre-scaling. The rest of the pre-scaling is 

performed by opamp OA3 used as a buffer and the voltage 

divider created by the 10 kΩ and 20 kΩ resistors. The 

pre-scaling is required to satisfy (8), and to avoid any saturation 

at the output of the analog multiplier and dividers. Note that the 

multiplier has an intrinsic gain GM equal to 0.1, and the analog 

dividers GDH = GD∞ = 10, typically accurate to 0.1%. INA1 and 

INA2 are low-noise INA217 instrumentation amplifiers from 

Texas Instruments, with gains G1 = 5 and G2 = 1. OA3 is the 

low input bias current and low-noise opamp OPA4227 from 

Texas Instruments. The use of a buffer before the voltage 

divider is preferred to minimize the error caused due to 

difference in current between the one measured at RS, and the 

actual current going through the heater RH. 

RS is a 10 Ω SMD chip resistor from Vishay with ±0.1% 

tolerance and ±2 ppm/oC temperature coefficient. The voltage 

divider resistors, as well as the RS∞, are also SMD resistors with 

±0.1% tolerance and ±5 ppm/oC temperature coefficient. The 

value of RS∞ is 1.5 kΩ. RH and the R∞ are SMD platinum 

sensing resistors with a temperature coefficient of 3850 ppm/oC 

from Innovative Sensor Technology (IST), with nominal values 

of 100 and 1000 Ω, respectively. Although the primary function 

of the IST resistor for RH is a temperature sensor, it can also 

operate as a heater without affecting its sensing capability, as 

long as its temperature does not exceed the maximum 

temperature rating as specified by the manufacturer. 

Based on the values stated above, and by substituting in (3), 

(8), and (9), the outputs of the multiplier, VMULT, and that of the 

INA2, VDIF, will be: 

𝑉MULT =
5

3
𝑃 (10) 

𝑉DIF =  0.02567 ∙ 𝑇OVER. (11) 

OA1 and OA2 are low-power LM324N opamps from Texas 

Instruments, and the transistor used is the n-channel power 

mosfet P16NF06L from STMicroelectronics. 

B. Flow Measurement System 

Typically for calorimetric thermal flow sensors, pairs of 

temperature sensing elements are symmetrically placed next to 

the heater. Thermistors or thermopiles are commonly used for 

this purpose. However, their implementation usually requires 

extra fabrication steps and materials, increasing the fabrication 

cost. For this work, small digital temperature sensor 

components have been preferred, specifically a pair of STS21 

from Sensirion. The greater size of the IC digital temperature 

sensor will force the distance between the heater and the actual 

temperature sensing element to be longer compared to that of a 

calorimetric micro-machined flow sensor. Nevertheless, the 

main focus of this work is the heater control systems for CP and 

CTD, and their integration to create a smart multi-modal flow 

sensor, while its flow measurement implementation consists a 

simple, inexpensive solution. 

The flow measurement system has been described in detail in 

[39]. The readings are acquired using an Arduino Mega 

micro-controller unit (MCU), a demultiplexer (CD74HC238E) 

and analog switches (SN74HC4066) from Texas Instruments. 

The MCU requests from all the sensors simultaneously to take a 

temperature measurement. The typical time STS21 needs to get 

a single measurement is 66 ms and its last reading is 

automatically stored within the sensor chip. Then, the MCU 

asks each sensor sequentially to send their saved readings to the 

MCU. The whole process of measuring and sending the 

readings to the MCU takes 200 ms and the sampling frequency 

is set at 5 Hz. The 14-bit ADC of the STS21 provides a 

measurement resolution of 0.01 oC. 

C. Mode Switching 

As Fig. 3 shows, analog switches S1 and S2 are used to toggle 

between the different modes. Both switches use a MAX14757 

chip from Maxim. Either S1 or S2 can be closed at any given 

moment and that defines the operating mode. Under either 

mode during the sensor’s operation, the power at the heater, P, 

and the overtemperature, TOVER, are continuously monitored. 

When the measured P during CTD increases and reaches its 

threshold value, the state of the switches will swap, activating 

the CP mode. Similarly, when the flow rate during CP drops 

enough to reach the maximum allowed TOVER, the switches will 

swap again and activate the CTD mode. The switches are 

controlled by the MCU. The threshold values have been chosen 

in a way that causes minimum disruption at the flow sensor’s 

output, ΔT, offering a smooth change between the modes. 
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III. EXPERIMENTAL SETUP 

As Fig. 4 depicts, the heater and the digital temperature 

sensors (transducer) have been mounted on a 0.8 mm FR4 PCB, 

named sensor board. Although three pairs of temperature 

sensors can be seen in the figure, it is only the pair closest to the 

heater that has been used for this work. By design, the distance 

between the edge of the heater and the edge of the temperature 

sensors (TS) is 0.425 mm. Note that since the copper tracks of 

PCB might work as heat sinks, the tracks and pins of the board 

have been placed symmetrically to the central point of the 

board (where the heater is placed) in order to suppress any 

possible effect of them on the thermal distribution on the board, 

and consequently, on the flow measurement. 

A 3D printed box has been created to house the sensor board, 

exposing only the sensing area to the flow. The diameter of the 

pipe through the housing box is 20 mm. As Fig. 5 depicts, the 

ambient temperature sensor board is placed diametrically 

opposite to the heater, and at a horizontal distance of 

approximately 6 cm, ensuring a thermal isolation between RH 

and R∞. The housing box with the boards is then mounted at the 

end-point of a pipe structure that facilitates the connection to 

the gas supply. Before the housing box and placed in series, 

there is the commercially available flow sensor from OMRON 

(D6F-50A6-000) used as a reference. Before the commercial 

flow sensor, the mass flow controller (MFC F-201AV) from 

Bronkhorst is connected to create a programmable flow. The 

incoming air flow is provided by a pressurized cylinder filled 

with compressed air. The pressure gauge between the cylinder 

and MFC regulates the fluid’s pressure at 3 bar. The MFC used 

for this work can create flows in the range of 0 to 50 standard 

liters per minute (slm) with a resolution of 0.1 slm. Note that 

there is no control over the temperature of the fluid. 

National Instruments’s USB-6343 data acquisition unit  

(DAQ) has been used for acquiring the voltage of critical nodes 

in the heater control circuit and an interactive user interface 

(UI) has been developed using LabVIEW to allow users to set 

custom VCP and VCTD values subject to the requirements. The 

DAQ features a 16-bit Digital-to-Analog Converter (DAC), 

hence, for the output voltage range of ±10 V, the minimum 

voltage increment is approximately 0.3 mV. This voltage 

increment can be translated into 0.18 mW minimum power step 

for the CP, and 0.12 oC minimum overtemperature step for the 

CTD. Fig. 6 shows a photo of the testing setup. 

The smart flow sensor has been tested for discrete flow 

values from 0 to 50 slm. With the MFC programmed 

accordingly, the flow remained constant at each flow value for 

3 minutes to ensure system stability. The last 250 

measurements (equivalent to approximately the last 50 sec) for 

each flow value have been taken into account. The maximum 

and minimum values measured, as well as, the calculated 

average and standard deviation, are presented. No filtering has 

been applied to the data presented below. 

IV. MEASURED RESULTS 

Fig. 7(a) shows the output of the flow sensor, ΔT, for the 

three different values of the constant power; 300, 350, and 400 

mW. At zero flow, the average heater temperature measured 

during the experiments, was 95.64, 109.82, and 120.77 oC, 

respectively. It is apparent that temperatures at heater for CP 

mode at no flow conditions can be rather high for temperature 

sensitive applications such as biomedical, reinforcing the 

argument for the necessity of multi-modal thermal flow 

sensors. 

The dot points in the Figs. 7(a), (b), and (c), represent the 

mean values out of the 250 measured for each flow. The error 

bars that extend from each mean value indicate the absolute 

maximum and the absolute minimum value measured for each 

flow rate value, demonstrating the whole range of values 

acquired during the experiment. To better depict the 

distribution of the measurements for each flow value, Figs. 

7(d), (e), and (f) show their standard deviation for each 

measurement. A fitting line based on the data has been also 

created to clearly demonstrate the flow sensor’s output 

performance. 

 
Fig. 6.  The testing setup. 
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Fig. 4.  On left, the sensor where the heating element and the pairs of the digital 

temperature sensors are mounted. On the right, the 3D-printed housing box 

where both, the sensor board and the ambient temperature sensor board are 
mounted. 
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Fig. 5.  A cross-sectional drawing of the system’s setup. “PG” is the pressure 

gauge, and “FLOW SENSOR” is the commercial flow sensor from OMRON. 
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In CP mode, the output increases quickly for low flow rates 

until it reaches its maximum, also known as turn-over flow rate, 

QTO. The turn-over flow rates for both modes, CP and CTD, 

have been calculated and presented in Table I. For flow rates, 

Q, greater than QTO, ΔT slowly reduces, almost linearly. 

Qualitatively, that is a rather typical output of a calorimetric 

flow sensor in CP mode. 

Figs. 7(b) and (c) depict the voltage related to the 

overtemperature, VDIF, and the voltage that corresponds to the 

heater’s power, VMULT, respectively. It is demonstrated that the 

proposed system is capable of keeping the power at the heater 

constant under any flow and heater temperature conditions 

 
Fig. 7.  Experimental results for CP mode. (a), (b), and (c) show the output of the flow sensor as a temperature difference ΔT, the VDIF that is a function of the TOVER, 

and the VMULT that is a function of heater’s power consumption, respectively. The second row of graphs corresponds to their standard deviation, σ. 

 
 

 
Fig. 8.  Experimental results for CTD mode. (a), (b), and (c) show the output of the flow sensor as a temperature difference ΔT, the VDIF that is a function of the TOVER, 

and the VMULT that is a function of heater’s power consumption, respectively. The second row of graphs corresponds to their standard deviation, σ. 
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tested. In fact, considering the standard deviation presented, the 

relative error for the VMULT is 0.17, 0.15, and 0.13% for P equal 

to 0.3, 0.35, and 0.4W, respectively. VDIF decreases as the flow 

rate increases, as expected and according to King’s Law in (1). 

Fig. 8 shows experimental results for the CTD in a similar 

format to that used for the CP mode in Fig. 7, and for 

overtemperatures of 75, 80, and 85 oC. The output of the flow 

sensor for the CTD is qualitatively similar to that of the CP 

mode, where it quickly increases for low flow rates until it 

reaches a turn-over flow rate, and eventually starts decreasing. 

However, the CTD outputs seems to have a wider flow rate 

range of saturation around the turn-over flow rate. This could 

be a major drawback if one wants to use a continuous 

measurement range from zero until a flow rate larger than the 

QTO, such as the one presented in this work. However, the QTO 

for the CTD experiments occurs in values higher than those of 

the CP, as presented in Table I. The measurement range of the 

flow sensor is greater in the CTD than in CP mode, if only the 

part from zero to turn-over flow rate is to be used. Such a 

preference is popular in the literature [40][41]. Note that as the 

power at the heater increases for a certain mode, either CP or 

CTD, the turn-over flow rate increases, too. Hence, the 

measurement range can be increased by increasing the power 

consumption, when the part 0 ~ QTO is only used. 

Figs. 8(b), (c), (e), and (f) show the VDIF and VMULT, and the 

standard deviation of the measurements. The VDIF plot 

demonstrates that the proposed circuit can provide a constant 

overtemperature under any flow and temperature conditions 

created during the experiments. This can be supported by the 

low variation measured and the small σ. In fact, the relative 

error of the VDIF for all the CTD test was always below 0.125%. 

VMULT seems to follow the King’s Law, as expected, in (1).  

 
Fig. 9.  (a) the flow sensor’s output, (b) overtemperature, and (c) heater’s power consumption for CP in 350 mW and CTD in 80 oC. At the bottom row, the 

performance of the multi-modal flow sensor, respectively. 
 

TABLE I 

TURN-OVER FLOW RATES  QTO 

  
 QTO  (slm)    QTO  (slm) 

C
P

 

0.30 W 12.4  

C
T

D
 75 oC 18.4 

0.35 W 13.0  80 oC 18.8 

0.40 W 14.2   85 oC 19.0 

 

 
 

TABLE II 

PARAMETERS FOR FLOWS Q<QTO 

    S*   (oC slm-1) P   (mW) TOVER   (oC) 

C
P

 

0.30 W 0.5299 300 75.76 ~ 69.28 

0.35 W 0.6113 350 88.33 ~ 80.59 

0.40 W 0.7046 400 100.28 ~ 91.56 

C
T

D
 75 oC 0.54 289.5 ~ 334.1 75 

80 oC 0.5923 315.3 ~ 357.1 80 

85 oC 0.6218 336.8 ~ 379.7 85 

S*: maximum output sensitivity 

 

 

 
TABLE III 

PARAMETERS FOR FLOWS Q >QTO 

    S**   |oC slm-1| P   (mW) TOVER   (oC) 

C
P

 

0.30 W 0.0311 300 69.28 ~ 59.93 

0.35 W 0.0319 350 80.59 ~ 69.94 

0.40 W 0.0367 400 91.56 ~ 79.56 

C
T

D
 75 oC 0.0249 334.1 ~ 379.6 75 

80 oC 0.0251 357.1 ~ 404.9 80 

85 oC 0.0278 379.7 ~ 431.6 85 

S**: maximum output sensitivity in absolute value 

 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

8 

Heater power measurements in Fig. 8(c) show some variation 

during a constant flow rate; however, the goal is to achieve a 

constant overtemperature, hence, fluctuations in power are not 

important in CTD mode as long as a stable TOVER is achieved. 

Tables II and III summarize the power ratings and the 

overtemperatures measured before and after the turn-over flow 

rate. As expected, the greater the power, the better the 

sensitivity for the CP mode. Similarly, the greater the 

overtemperature, the better the sensitivity for the CTD mode. 

This is applicable for both parts of the flow rate range, before 

and after the QTO. However, note that even though the power 

consumption is greater for CTD than CP for Q>QTO, the 

sensitivity is better in the CP. Thus, CP is the preferred 

operating mode for flow rates higher than the QTO. On the other 

hand, it has been also shown that CP at low flow rates can be 

potentially hazardous for temperature sensitive applications. 

Those findings further support the demand for a smart 

multi-modal flow sensor. 

The top row of graphs of Fig. 9 presents the flow sensor’s 

output ΔT, the overtemperature TOVER in oC, and the power 

consumed by the heater P for the case of CTD with 80 oC 

overtemperature and the case of CP mode with 0.35 W heater 

power. This figure illustrates the differences between the two 

modes, as experimentally described above. The 

overtemperature is up to 8 oC greater for CP in low flows, 

whereas the power consumption is almost 55 mW higher for the 

CTD, without significantly improving the flow sensor’s 

performance in any other aspect. 

Note that in Fig. 9 there is a flow rate value where both, the 

power at the heater and the overtemperature, are the same for 

both modes, hence, the output ΔT is the same. By choosing that 

flow rate point as the toggling point (the point where the sensor 

switches from CTD to CP, and vice versa), one can ensure a 

smooth transition from one mode to the other. The threshold 

power value that triggers the mode switching from CTD to CP 

is the 0.35 W, while the threshold overtemperature value that 

activates the CTD during CP operation is set to 80 oC. No 

abrupt changes in power delivered to the heater need to take 

place during mode toggling, ensuring a predictable sensor’s 

output. 

The bottom row of Fig. 9 shows the behavior of the 

dual-mode flow sensor. For the measurement results presented 

here, one can achieve overtemperature reduction up to 9.5% by 

using CTD for low flows instead of CP, and heater power 

reduction up to 13.6% by using CP for high flow rates instead 

of CTD, while improving the sensor’s overall sensitivity at the 

same time. Although the performance improvements are 

derived by direct comparison between single and dual-mode 

operation of the same flow sensor in PCB, it may be deduced 

that similar improvements can be achieved for any calorimetric 

flow sensor, such as a micromachined flow sensor, that uses 

dual-modality instead of single. 

The transient performance of the smart dual-mode flow 

sensor is shown in Fig. 10. For a varying input flow rate 

between 5 and 45 slm, the proposed flow sensor can 

automatically switch between CP and CTD based on the preset 

threshold values. Fig. 10 shows that as the flow rate increases, 

the operating mode moves from CTD (constant VDIF) to CP 

mode (constant VMULT). Whereas, the operating mode switches 

back from CP to CTD, when the flow rate returns from high to 

low. 

V. CONCLUSION 

A smart calorimetric flow sensor has been presented. It 

features a novel heater control system that enables the flow 

sensor to operate in either CP or CTD. Compared to other work 

[30][33][42], this sensor can toggle between those modes based 

on the flow rate measured. The toggling point has been 

determined as the point where the two modes’ outputs are 

equal, and its choice has been justified based on smooth 

transition from one to the other. This implementation is capable 

of producing reproducible results for a large range of flow rates. 

A quantitative analysis and comparison between the CP and 

CTD has been presented, demonstrating the pros and cons of 

each mode for flows higher and lower than the turn-over flow 

rate. In fact, this analysis reinforced the requirement for a 

dual-mode flow sensor, since CP offers a way better 

performance in high flows than the CTD, whereas the latter still 

offers an important overtemperature protection in low flow 

rates. The dual-mode operation demonstrating the automatic 

switching between the modes has been displayed. The 

measurements show that any calorimetric flow sensor can save 

power and reduce overtemperatures by adopting a dual-mode 

operation, compared to operation in a single mode throughout 

the measurement range; that is an important improvement 

 
Fig. 10.  The top figure states the operating mode over time for a triangular input 

flow rate. The middle and bottom plots depict the voltages measured for the 

TOVER (VDIF) and for the P (VMULT), respectively, for the same time period. 
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towards the development of portable and safe thermal flow 

sensors for biomedical or industrial applications.  
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