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Abstract
Measuring and modeling flow has played a central role in predicting its behavior and its effects on the surroundings. Flow
measurement is the basis of trade between producers, transporters, process plants, state and public marketers. To improve
transactional operation, thermal flowmeters could provide direct mass flow measurement of gases and vapors over a wide range of
process conditions without the need for density corrections based on pressure and temperature.
The flow meters are classified according to the domain in which they are used and their operating principle. The goal of this work
is to provide an overview of using thermal flow meter in hydrocarbons industries. The applicability of thermal flow meters is
discussed by a simulation using one-dimensional mathematical model of thermal flow sensor.
© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction
New devices for gas metering such vortex, Coriolis, ultrasonic and thermal mass flowmeters have been emerged.
Among them, thermal mass flow meters are very promising, because they present many useful characteristics such as
the absence of moving parts, direct mass measurement and digital output [1].
A thermal mass flowmeter measures either the local mass velocity of gas flow gas or the total mass flow rate through
a channel or pipe [2].
1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the 4th International Conference on Power and Energy Systems Engineering.

2

Amina Bekraoui/ Energy Procedia 00 (2017) 000–000

Basically, the thermal mass flow meters are based on the relationship between the output voltage of sensors and
heat transfer rate produced by the sensor itself and the gas flow in the pipe [1, 3]. In fact, the output voltage is
influenced by the gas composition through its thermos-physical properties such as thermal conductivity, diffusivity,
density, specific heat and dynamic viscosity [1].
The fluid mass flow rate is a measure quantity very important in the control or monitoring of most industrial process.
A thermal anemometer is used to measure the mass velocity at a point or small area of fluid flow [4].
There are broadly two concepts of thermal flowmeters available for fluid mass flow measurement: thermal
dispersion mass flow meters (ITMF) and capillary thermal mass flow (CTMF). The principal of application of capillary
thermal mass flow meters is different from dispersion mass flowmeters. In fact, the American Society of Mechanical
Engineers (ASME) has published separate standers for each one [3, 5, 6]. Both types measure the flow rate using heat
transfer from a heated surface to fluid flow [7].
In capillary thermal mass flow meters, the fluid flows through a very small diameter tube, with a sufficient lengthto-diameter ratio to ensure a laminar flow, on the outside of which there are heating and temperature-sensors windings.
The mass flow induces an asymmetry of the temperature profile along the heated capillary tube.
Thermal dispersion mass flow meters are available as both insertion probe and in-line type. These flowmeters
measure the fluid flow mass flowrate through a closed conduit, such as a pipe [8]. The fluid flows over a surface of a
heated velocity sensor immersed in the flow [3, 7].
Generally, the thermal anemometer is referred to an immiscible thermal mass flow meter because it is immersed in
a flow stream or channel in contrast to other thermal mass flow meter systems [4]. Its performance is affected by the
internal structure of the thermal flow sensor, the installation conditions and the process conditions [9].
Thermal flowmeters however, which are based on convective heat transfer effects, have become very popular
because they can provide accurate and economical mass flow measurements over a wide range of flow rates that are
essentially independent of process conditions [10]. An increasing number of manufacturers have produced them in
these recent years as a response to the need for such mass flowmeters [11].
Nowadays, traditional pressure drop and ultrasonic fluid meters are described in technical standards. But, a specific
standard for thermal mass flowmeter type is still missing although some technical groups are working on this task. In
fact, the international standard, ISO 14511 [12] is available only for some specification duties as, testing, inspection,
installation, operation and calibration [1].
The present work deals with dispersion thermal mass flow meters, their theoretical and practical aspects are
discussed.
1.1. The history and evolution of thermal flowmeters
The development of thermal flowmeters market place was a result of a collaboration between John Olin and Jerry
Kurz. Both of them worked for Thermo Systems Inc. (TSI) in Minnesota from 1968 till 1970s. At TSI, they were in
charge of hot-wire and hot-film anemometers development for research applications in gas dynamics, turbulence, and
airflows. Hot-wire and hot-film sensors are based on thermal dispersion principal, of heated tungsten wires or thin
platinum film used to fabricate sensors. The fast time response needed for fluid mechanics research is ensure by the
small diameter of these sensors.
During this time, Olin and Kurz were more interested by the development measurement products for industrial
environments. They did not have the agreement to develop industrial products that why they decided to start their own
company named Sierra Instruments in 1973. Until 1977, Sierra Instruments was making air sampling products and
thermal flowmeters. In the same year, Kurz decided to create Kurz Instruments. In the early 1980, Sierra, Kurz and
Fluid Components were the only companies manufacturing thermal flowmeters. Recently, more thermal flowmeter
manufacturers entered in the market including Eldridge Products, Fox Thermal Instruments, Sage Metering Inc,
Endress+Hauser , ABB and Magnetrol [13, 14, 15, 16 and 17].
2. Dispersion thermal flowmeter theory
Dispersion Thermal mass flowmeter are devices in which the associated physical quantity measured by them is the
mass flow rate measured by the means of the heat convected from a heated surface to surrounding fluid from an
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electrically heated sensing element or probe [6, 7, 18]. In response to the large acceptance of thermal dispersion mass
flow meters for industrial applications, the American Society of Mechanical Engineers (ASME) has published a new
national standard for this kind of flowmeters [19, 20]
The figure 1 illustrates the complete transduction process for thermal flow meter with a voltage output signal. As,
it is shown, two transduction processes take place, first, the mechanical signal (mass flow) is converted to a thermal
signal (heat transfer), the flow induces a temperature difference which is converted into an electrical output signal
(current or voltage). The principle of the gas mass-flow measurement is based on the fact that the output voltage of
the sensor element is related to the rate of heat transfer deducted between the sensor and the fluid [21, 22].

Fig.1. The three signal domains and the signal transfer process of a thermal flow sensor [8].

The composition and the type of the fluid can affect the intensity of the convective heat transfer from the thermal
flow sensor to the fluid [7, 21, 23]. The accomplishment of thermal mass flowmeters are attributed to L.V. King [24]
who in 1914, published his famous King’s Law revealing how a heated wire immersed in a fluid flow measures
locally the mass velocity in the flow. King called his instrument “hot-wire anemometer” [25].

Fig.2. The two configurations of dispersion thermal mass flow meter [8].

The two configurations of dispersion thermal mass flow meter (Insertion meter version for the insertion probe of
the meter and In-line ﬂow tube) and its major components are shown in Fig.2. The two configurations have the same
major components [25]. In-line thermal dispersion mass flowmeters typically are applied to pipes and conduits with
diameters (or equivalent diameters) less than about 200 mm (8 inches). Insertion flowmeters usually are applied to
pipes and conduits with diameters between 75mm to 5m [7, 8].
The flow sensors of most industrial-grade thermal dispersion are mounted side-by-side as shown in Fig.2 [8]. The
operating principles, construction and applications of industrial thermal dispersion mass flow meters were presented
by Olin [2, 5, 7, 8, 26]. The structure of the thermal flow sensor, the installation conditions and the process conditions
can affect the performance of thermal dispersion mass flow meters.
Baker and Gimson in [27] investigated the sensor structure, the effects of the sensor insertion length and the
construction details at the location where the sensor is inserted into the flow pipe.
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2.1. Thermal anemometer ( hot wire anemometer)
Industrial thermal mass flowmeters evolved from hot-wire anemometers which are used to measure the local
velocity [industrial advance] to the hot-wire anemometer which, is one of excellent instruments, necessary in ﬂow
metrology. It can measure very fast-changing flow in wide velocities range [28].
A thermal anemometer use sensors to measure total heat loss from some heating elements cooled by the fluid [29].
In this kind of device, one such heated sensor is provided together with another sensor that detects fluid temperature
[4].
There are two different principal operating modes for thermal anemometer: constant temperature, and constant
current [29]. In our work, we are interested by the constant temperature mode.
A typical setup for the operation of a hot-wire anemometer sensor is the constant-temperature system, involving
automatic control of current supplying the sensor so that the temperature of hot element remains on a preset level.
In constant temperature technology, a constant temperature difference is maintains between the heated sensor and
the reference sensor [17]. The constant temperature (CT) system incorporates a comparator circuit and a controller
operating in a feedback loop. In such configuration, the sensor current becomes a function of thermal losses from the
sensor wire and indirectly of the fluid velocity to be measured. A constant temperature anemometer (CTA) enables
the measurement of fast-changing velocity fluctuations [28].
3. Thermal flow sensors
A thermal ﬂow sensor generally consists of a heater and one or more temperature sensors. Depending on the heated
element in a thermal anemometer, sensors of this type are called hot-wire, hot-chip, or hot-film anemometers [30, 31].
As shown in fig.3 (a), the flow sensor of both in-line and insertion configurations has an electrical heated velocity
and fluid temperature sensor immersed in the flowing fluid. Figure 3 (b) shows a typical thermal mass flow sensing
element, it consists of two sensors: a mass flow sensor and a temperature sensor, which automatically corrects the
changes in fluid temperature, both sensors are referenced as grade platinum resistance temperature detectors (RTDs).
The electrical resistance of RTDs increases as temperature increases [21]. The hot wire anemometer uses a small
electrical heated element to measure fluid flow velocities. Its principle is based on the heat transfer convection from
a heated element placed in the fluid flow; hence the changes in the fluid medium will cause an alteration in the sensor
heat loss [32].

a

b

Fig.3. a) Industrial thermal mass flow sensing element consists of two sensors [21], b) Schematic of in-line thermal mass flowmeter with
Wheatstone bridge arrangement [19].
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4. Theoretical aspect and simulation
Considering a wire that is immersed in a fluid flow, the electrical power input is equal to the power lost to
convective heat transfer:
= =
R = ℎ( ). A . T −
(1)

W is the electrical power input, Q, heat converted away from the heated section by the fluid, I is the input current,
Rw the resistance of the wire, Tw and Tf are the temperatures of the wire and fluid respectively, As is wire surface
area, and h is the heat transfer coefficient of the wire [6].
To obtain the heat transfer coefficient h(v), we employed the Nusselt number:
= ℎ( ). /

(2)

Where d, is the diameter of the wire, kf it’s the thermal conductivity. Replacing h(v) by Nu.Kf/d in equation (1), give:
R = T −

(3)

King’s law for general hot wire probes is:
= + √

(4)

Where Re is the Reynolds number, a and b are generally dependent on the sensor geometry and the Reynolds number,
n, take the value 0.5 for the King Law.
The wire resistance Rw is also a function of temperature:
R = (1 + α(T − ))
(5)
Replacing (Tw-T0) by (Rw-R0)/αR0 in equation 1 give:
(

)

=

+ √

(6)

v is the velocity of the fluid, A and B are constants depending on geometry of the wire.
The appropriate equation to obtain the flow rate is:
.
q = (1 + K
∆T)
(7)
Where kg is the thermal conductivity of the fluid; K a constant including the area of the duct in which the sensor is
inserted, the gas and the heat transfer constants; qm the mass ﬂow rate; qh the heat transfer; ΔT the temperature
difference between heated and unheated sensors [2, 27].
To validate this theoretical aspect, a simulation work was done with Matlab/Simulink software using industrial data
from the gas production field known Gas Tin Fouye Tabankort (GTFT) located in the south-east of Algeria.
The natural gas characteristic has the following specifications:
 Humidity: max 50 ppmv ;
 Pressure: 71 bar
 Temperature: 60 ° C [33].
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Fig.5. Variation of resistance of the wire according to the velocity v of the fluid.
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The flow extracts heat from the wire, which therefore tends to reduce its temperature resistance, the curve declines
versus time, and negative (-) values indicate that there is a cooling of the sensor caused by the fluid velocity.
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Fig.6. Simulation result of mass flow rate according to velocity v of the fluid.

The mass flow rate increases with the raise of fluid flow velocity input. It has a linear relationship with the speed.
5. conclusion
Thermal mass flowmeters offer a significant potential in flow rate metering. They are used for precise
measurements of fluid (gaseous) ﬂows in many different application areas. Their main advantage is the direct mass
ﬂow measurement without the need for additional density corrections as volumetric ﬂow meters, differential pressure,
turbine or ultrasonic ﬂow meters.
A description of dispersion thermal mass flowmeters was presented and simulation results were illustrated to show
the way how is the variation of velocity according to the voltage and mass flow rate versus the velocity of fluid.
It’s still work to be done to investigate the use of this flowmeters in the fields of transactional gas metering process.
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