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Summary

This thesis presents an approach to reconstruct a temperature distribution
and flow field in three dimensions. This approach is based on an acoustic
measuring technique which resembles the classical tomography techniques
where the high frequency electronic magnitude waves are replaced by low
frequency sound waves.

Acoustic measuring instruments make use of transducers, transmitters
(speakers) and receivers (microphones), and algorithms (embedded software)
to measure the air temperature and flow velocity simultaneously. The prin-
ciple is the following. The sound speed in air depends on properties of the
air, such as temperature, pressure, humidity, CO2 concentration, and air ve-
locity. To measure the speed of sound, transducers send and receive sound
signals. Each pair of transducers sends and receives two signals in oppo-
site direction. If the distance between the two transducers is known, the
transmission speed of the signal along the trajectory from one transducer
to another can be determined from the measured transmission time. After-
wards, for each pair of transducers, the transmission speed is determined by
taking the average of the two transmission speeds.

The average temperature along any signal trajectory can be determined
by a well-documented relationship between relative humidity and sound
speed under the assumption that the other relevant properties of the air
are known. The difference of the two determined transmission speeds along
signal trajectory is used to determine the average speed of the air flow in
the direction along signal trajectory.

The acoustic measurements of air flow velocity were calibrated in a wind
tunnel at the Fluid Dynamic Laboratory of Technische Universiteit Eind-
hoven, and also in a dedicated tube at Architecture Department of the same
university.

To reconstruct the temperature distribution and the air flow field from
the obtained acoustic measurements, a mathematical method has been de-
veloped by which a scalar field or a vector field can be reconstructed from
values of line integrals. In this method, a minimum norm principle is applied
to get a unique reconstruction outcome. By means of a biharmonic inter-
polation algorithm, a smooth reconstruction is obtained. Experiments for
validation of the approach have been carried out in a glass box at Innovation
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Handling, Eindhoven. Experimental results show that this approach is able
to reconstruct an accurate temperature distribution and flow velocity field.

The acoustic measuring technique has been implemented in practical
environments, such as a greenhouse and an air curtain. The algorithms
are implemented in Matlab, and input and output are processed in a user
friendly manner and graphicly represented. The reconstructed temperature
distribution and velocity field are visualized by a color map and stream
lines. The results of implementation showed agreement with the reference
measurements and prediction based on theory.
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Chapter 1

Introduction

1.1 Research background

In many industrial processes, it is important to have adequate knowledge
of temperature and flow velocity conditions. Such knowledge can be used
as input to improve product quality, to increase heat efficiency in order to
minimize energy consumption, etc. For instance, in glass bottle moulding
[28], the raw material of glass is first heated up to melt, after that the glass
is injected into moulds and then cooled down to form bottles. During the
production, accuracy of temperature measurements is critical for product
quality control, because even a small error of temperature measurements, as
input to the heating and cooling system, will influence the product quality
and may cause losses. Another example is a greenhouse or a storage room
[22, 29, 30]. In this case, not only the temperatures but also the air flow are
important inputs for a control system to keep the indoor climate stable and
the energy consumption minimal as well. The last example is in the field
of scientific research, where temperature and flow velocity are important
information for calculating or simulating other physical quantities. For in-
stance, in the research on the influence of indoor climate on the human body
[31, 32], simulation of the temperature and the air flow field is in needed.

1.1.1 Classical temperature measuring methods

Since the 18th century, a number of methods and devices has been developed
for measuring temperature. Classical methods for measuring temperature
are based on the relationship between the temperature and the expansion
of material. The corresponding devices measure how much a material ex-
pands from its size at a given starting point such as the freezing point of
water. The most commonly used temperature measuring devices are liquid-
or gas-filled systems, thermocouples, resistance thermometers and radiation
pyrometers. All the temperature measurements obtained from the classical
methods are indirect. That is to say, instead of measuring the temperature
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2 CHAPTER 1. INTRODUCTION

of a material directly, the device measures some other characteristic of the
material that varies predictably and reproducibly with temperature, such
as volumetric expansion (liquid- or gas-filled thermometer), electromotive
force (thermocouple), resistance (resistance thermometer), radiated energy
(radiation).

A filled system consists of a bulb containing a liquid (e.g. mercury) or a
gas (e.g. nitrogen), which is predictably sensitive to temperature changes. A
capillary tube connects the bulb to an element that is sensitive to pressure or
volume changes. This element may be a Bourdon tube, a helix, a diaphragm,
or a bellows. A temperature change of liquid or gas will cause a pressure or
volume change in the pressure- or volume-sensitive element. This change is
translated to the indicating, recording or controlling device.

In liquid-filled systems, the bulb, the capillary, and the Bourdon are
completely filled with liquid. Mercury-filled systems are the most commonly
used temperature measuring devices of all the liquid-filled systems. Less
known are the systems filled with organic liquids, which have volumetric
coefficients of expansion about eight times greater than that of mercury.

Gas-filled systems operate on the principle of Charles’ Law:

(pressure) × (volume) = (temperature) × (the system’s constant),

where the temperature change causes a mechanical movement that translates
to an indicator, recorder or controller.

A thermocouple is an assembly of two wires of unlike metals joined at
one end, the hot end. At the other end, the cold junction, the open circuit
voltage is measured. This so-called Seebeck voltage depends on the Seebeck
coefficients of the two metals and the temperature difference between the hot
end and the cold end. With the measured voltage, one can easily obtain the
corresponding temperature in a look-up table of the relationship between
Seebeck coefficient, voltage and temperature.

Resistance thermometers use the predictable and stable relationship be-
tween resistance and temperature. The specific resistance of a wire or a
film must be relatively high so that the change of resistance can be easily
measured. Resistance thermometers and thermocouples are replacing the
classical filled systems in industrial process control applications. The low
cost of electronic devices to read the output, to indicate or control, together
with the ability to locate the sensor independently of the receiving device,
has made the resistance thermometers and the thermocouples extremely
attractive.

Radiation themometers/pyrometers measure the energy radiated from
an object. Unlike liquid- or gas-filled systems, thermocouples and resistance
thermometers, the radiation thermometer does not need to be at the same
temperature as the object to be measured. Thus, the radiation thermome-
ter can measure the temperature from a distance without having contact
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between the device and the object. Radiation thermometers are suited es-
pecially to the measurement of moving objects or objects inside vacuum or
pressure vessels.

For more detailed descriptions of principles and methods of temperature
measurement, the reader is referred to [10, 11, 12, 13, 14, 15].

1.1.2 Classical flow velocity measuring methods

For air flow velocity measuring, one of the simplest and most useful instru-
ments is the Pitot tube named after the French scientist Henri Pitot, who
invented this device in 1732. The Pitot tube consists of two co-axial tubes:
the interior tube and the exterior tube. The interior tube has an opening
parallel to the flow direction, in which the pressure Pt is equal to the total
of the static pressure Ps and the dynamic pressure Pd; the exterior tube has
openings perpendicular to the flow direction, in which the pressure is equal
to the static pressure Ps. The inner tube and exterior tube are connected to
the two legs of a manometer or an equivalent device that measures the pres-
sure difference. In this case, the pressure difference between the inner tube
and exterior tube is equal to the dynamic pressure of the flow. Substituting
the measured dynamic pressure Pd = Pt − Ps into Bernoulli’s equation:

Pd =
1

2
ρu2, (1.1)

where ρ is the density of the air, the speed u of the air flow is calculated.
A Laser Doppler Anemometer (LDA) is a widely accepted tool for fluid

dynamic investigations in gases and liquids. It has been used as such for
more than three decades. The basic configuration of an LDA consists of: a
continuous wave laser, transmitting optics, receiving optics, a signal condi-
tioner, and a signal processor. Flow velocity information comes from light
scattered by tiny seeding particles carried in the fluid. The scattered light
contains a Doppler frequency shift, which is proportional to the velocity
component perpendicular to the bisector of the two laser beams.

Another widely used velocity measuring method is Particle Image Ve-
locimetry (PIV), which is a whole-flow-field technique providing instanta-
neous velocity vector measurements in a cross-section of a flow. In PIV,
the velocity vector is derived from the particle-seeded flow by measuring the
movement of the particles between two light pulses generated by a double-
pulse laser.

Both in LDA and in PIV, it is required that seeding particles trace the
flow. Ideally, the seeding particles should be small enough to follow the
flow, yet large enough to let light scattered by the particles such that the
scattered light can be captured by a photo detector. In air flow, the seeding
particles are typically oil drops in the range of 1 µm to 5 µm. For water
application, the seeding is typically polystyrene, polyamide, or glass hollow
spheres in the range of 5 µm to 100 µm.
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1.1.3 Acoustic technique for temperature and flow velocity

measurements

The acoustic measuring techniques are a novel technique for calculating the
temperature and flow velocity in a medium by means of measuring the speed
of sound in the medium.

Measuring principle

The speed of sound depends on the properties of the medium through which
the sound wave is travelling. Typically, there are two essential types of
properties which effect the sound speed: inertia and elasticity. The greater
the inertia (e.g. mass density) of individual particles of the medium, the less
responsive they are to the interactions between neighbouring particles, and
the slower the wave. For instance, a sound wave travels nearly three times
faster in Helium than it travels in air. This is mostly due to the lower mass
density of Helium as compared to air.

Elasticity properties are related to the tendency of a material to maintain
its shape and not deform whenever a force or stress is applied. In general,
solids have the strongest interactions between particles, while liquids and
gases have weaker interactions in this order. Although the inertial factor
causes a sound wave to travel faster in a medium with a lower mass density,
the elastic factor has a greater influence on the speed of a sound wave. For
this reason, sound waves travel faster in solids than they do in liquids, and
they travel faster in liquids than in gases. For instance, at a temperature
of 20� , the speed of sound is about 343 m/s in air, 1482 m/s in water or
3963 m/s in glass [1, pp. E-47].

Particularly, the sound speed c in still air depends on the properties of
the air, namely the temperature T , pressure p, humidity h and CO2 concen-
tration xc. The pressure, humidity and CO2 concentration have an effect on
the mass density of the air (an inertial property) and the temperature has
an effect on the strength of the particles interactions (an elastic property).
Therefore, the propagating speed of a sound signal in air is an outcome
of complex interactions among all sorts of properties of the air. The rela-
tionship between the sound speed, temperature and other related physical
properties was described by Cramer [9].

If the air is not still, for instance if there is an air flow with a constant
velocity u along the sound trajectory from point A to point B, the propa-
gation speed of the sound signal is c + u from A to B but c − u from B to
A. If the distance of the sound trajectory is L, then the propagation times
of the signal in two directions are

tAB =
L

c + u
, (1.2)
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and

tBA =
L

c − u
. (1.3)

Combining equations (1.2) and (1.3), the sound speed c and airflow velocity
u satisfy,

c =
L

2
(

1

tAB
+

1

tBA
), (1.4)

and

u =
L

2
(

1

tAB
−

1

tBA
). (1.5)

If other related properties of the air, e.g. pressure, humidity and CO2

concentration, are known, the air temperature can be calculated from the
obtained sound speed by formula (15) in [9].

1.1.4 Measuring devices

Figure 1.1 shows the acoustic measuring device that is capable to simul-
taneously measure temperature and air flow velocity, EnoTemp 1D sensor,
developed by Innovation Handling1. A standard type of EnoTemp 1D sen-
sor consists of two transducers that are mounted inside two boxes with a
size of 50mm × 50mm × 30mm. The two transducers are jointed by an
aluminium rod with a length of 0.5 m, and connected to an electronic box
by shielded cables. With a voltage pulse generated by a programmable logic
device (PLD), the two transducers simultaneously emit and receive ultra-
sonic sound signals from each other. The speeds of the sound signals in two
opposite directions are measured and transferred into temperature and flow
velocity by an algorithm embedded in the electronic box. The valid range
of temperature measurement from an EnoTemp sensor is from −10� up
to 40 � , with an inaccuracy of 0.1 � . The valid flow velocity range is from
0.01 m/s up to 10 m/s, with an inaccuracy of 0.002 m/s or 1% of reading,
whichever is greater.

In fact, the measurement of temperature or flow velocity from the EnoTemp
1D sensor is not a point measurement but a line measurement. The sound
speed measured by the EnoTemp 1D sensor is the average sound speed along
the sound trajectory, which is the straight line between the two transducers.
As a consequence, the temperature measurement from the EnoTemp 1D
sensor is also the average temperature along the measurement line. If the
distance between the two transducers is not too large (e.g. 0.5 m) and the
temperature changes linearly along the measurement line, the measurement

1A high-tech company in Eindhoven, The Netherlands, specialized in acoustic tech-
niques, see www.humitemp.com .
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Figure 1.1: EnoTemp 1D sensor: an acoustic measuring device for temper-
ature and flow velocity measurements. The valid temperature measurement
ranges from −10 � up to 40 � , with an inaccuracy of 0.1 � ; the valid
flow velocity measurement ranges from 0.01 m/s up to 10 m/s, with an
inaccuracy less than 0.002 m/s or 1% of reading, whichever is greater.

of the average temperature can be taken as an approximation of the local
temperature in the middle of the measurement line. Similarly, the measure-
ment of flow velocity from the EnoTemp 1D sensor is the average velocity
of the air flow tangent to the measurement line. It can be taken as an ap-
proximation of the velocity component (tangent to the measurement line)
of the air flow in the middle of the measurement line.

In order to measure the temperature distribution or air flow field in a
large 3-dimensional region, there are two kinds of systems: a local one and
a global one.

The local measurement system, EnoTemp 3D sensor, consists of three
pairs of transducers, which are jointed by a 3D frame as shown in Figure
1.2(a). The distance between each pair of transducers is 0.5 m. The three
measurement lines are orthogonal to each other and intersect in the middle.
One by one, the average temperature and air flow velocity along each mea-
surement line are measured independently. Meanwhile, the average of three
temperature measurements is calculated as an approximation of the local
temperature at the intersection point of the measurement lines. The three
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P C  
 

(a) 3D local measurement system

 

(b) 2D global measurement
system

Figure 1.2: Local measurement system and global measurement system: the
local measurement system measures the local temperatures and flow veloci-
ties at the positions where the 3D EnoTemp sensors are located; the global
measurement system measures the average temperatures and flow velocities
along the measurement lines which cover the whole region.

velocity components determined by the frame are used to calculate the mag-
nitude and direction of the air flow at the intersection point. Thus, the local
temperature and flow velocity at the intersection point of the measurement
lines are obtained. Afterwards, the EnoTemp 3D sensor is moved to other
positions, according to a predetermined 3D measurement grid, to collect the
corresponding point measurements of temperature and flow velocity.

In practice, to determine the measuring position and to move the mea-
suring device cost more time than to collect the measurement at each point.
Therefore, it would take hours to obtain all the measurements of tempera-
ture and flow velocity in a 3D region. A simple example: if it takes 1 minute
in average to collect the measurement at one point, then it needs 125 min-
utes to collect 125 measurements corresponding to a measurement grid of
5 × 5 × 5 points. During the measuring period, we have to assume that the
temperature and flow velocity are quasi stationary. Thus, the EnoTemp 3D
sensor is suitable to measure stationary temperature distribution and flow
velocity. Based on the obtained point measurements of temperature and
flow velocity, a 3D temperature distribution as well as a 3D flow field of the
whole measurement region can be reconstructed by using an interpolation
algorithm. In the local measurement system, the reconstructed temperature
distribution and flow field are both time-independent.

In practical situations, the temperature distribution and air flow field
are not stationary. It means that the temperature and flow velocity not
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only change in space but also change in time. In order to reconstruct a time
dependent temperature distribution or flow field in a 2D or 3D region, all the
measurements of temperature or flow velocity from the whole measurement
region should be measured simultaneously.

Figure 1.2 (b) illustrates the measurement geometry of a 2D global mea-
surement system. According to the measurement geometry, 24 transducers
are mounted on the edges of a rectangular region, such that 28 measurement
lines cover the whole measurement region. Within a measurement cycle of
20 seconds, the average temperature and flow velocity along the 28 measure-
ment lines are collected. With a modified tomography algorithm, the local
temperature and flow velocity at the intersections of all the measurement
lines are determined. Afterwards, a 2D temperature distribution and a 2D
flow field is reconstructed by using an interpolation algorithm. In the mea-
surement region, if the temperature and flow velocity do not change rapidly,
the line measurements collected in one cycle (20 seconds) can be assumed
to be collected simultaneously. The reconstructed temperature distribution
and flow field describe the average temperature distribution and flow field
over a measuring cycle. If both do not show high oscillations with respect
to time, we thus obtain an accurate reconstruction.

1.2 Objectives and strategies

The first objective of the research presented in this thesis was to improve
an acoustic measuring system that uses ultrasonic signals to simultaneously
measure temperature and air flow velocity. The second objective was to de-
velop a mathematical model that reconstructs the temperature distribution
and the air flow field in a 3D space from the obtained acoustic measure-
ments. The third objective was to develop a software tool with a graphic
user interface (GUI) for visualizing the reconstructed temperature and flow
field in a 3D space. The fourth objective was to test the measuring system
in experimental environments and to implement it in practical situations.

For the first objective, we used signal analysis to determine an optimal
sound signal by which the sound transmission time could be measured very
accurately. Data processing was applied for transferring transmission time
measurements into temperature and flow velocity. In order to increase the
accuracy of flow velocity measurements, calibration experiments were carried
out in a wind tunnel and a specially designed cylindrical tube.

For the second objective, in the local measurement system, we used a
biharmonic spline interpolation algorithm to reconstruct a smooth temper-
ature distribution or flow field from the local point measurements; in the
global measurement system, first a modified tomographic algorithm was used
to transfer the global line measurements into local point measurements. Af-
terwards, the same interpolation algorithm was applied to obtain a smooth
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temperature distribution or flow field. To validate the mathematical recon-
struction model, two-dimensional numerical simulations were carried out in
both temperature distribution reconstruction and flow field reconstruction.

For the third objective, we used a Matlab tool, graphic user interface
(GUI) builder, to develop a stand-alone application for reconstructing a
temperature distribution and a flow field in the three-dimensional space.
With developed graphic user interface, a user can easily load the measure-
ment data and set the parameters for the reconstruction model by clicking
a button or a slider. The reconstructed temperature distribution as well as
the flow field, as outputs of the system, are visualized by a colour map in a
2D plane or a 3D space.

Finally, the acoustic measuring system was tested in an experimental
box and implemented in practical situations, such as in a greenhouse and
in an air curtain. The experimental data and implementation results were
analyzed for determining the optimal measurement geometry and improving
the reconstruction model.

1.3 Literature review

The acoustic techniques for temperature and flow velocity measurements
have been extensively studied, both in laboratory experiments and in prac-
tical applications. The use of sound speed to measure the temperature of a
gas was first proposed by Mayer (1873) [17], and then realized in particular
manners by Morgan (1972) [18], Dadd (1983) [19], Bramanti (1996) [20],
etc.

In 1997, Sielschott applied the acoustic techniques to measure the hori-
zontal flow in a large scale furnace [33]. The experiment was carried out in
a brown coal fired furnace with a height of 65.5 m and a horizontal cross-
section area of 20 × 20 m2. In the furnace, the speed of sound is roughly
700 m/s while the velocity of flue gas is below 20 m/s. At a height of 54 m,
eight transducers were mounted at the sidewalls of the furnace. With a
measurement geometry consisting of 24 horizontal measurement lines, the
average gas flow velocities along the corresponding measurement lines were
measured. Afterward, a 2D gas flow field was reconstructed from the acous-
tic measurements via vector tomography.

In 1998, Wang, Yernaux and Deltour developed a networked two-dimensional
sonic anemometer system for measurement of air velocity in greenhouses [22].
The networked system consisted of 12 two-dimensional sonic anemometers
that were connected to a computer. The 2D sonic anemometer consisted
of two uni-directional units which were perpendicular to each other. In a
uni-directional unit, two transducers were mounted at the ends of an alu-
minium square tube with a length of 0.6 m. The transducers emitted a
40 kHz sound pulse with a 12 V driving voltage. By measuring the travel
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times of the sound pulse between each pair of transducers, the air velocity
was determined at the centre of the 2D sonic anemometer. The air move-
ment tests were performed in an experimental greenhouse with a size of
45 m × 38.4 m. At a height of 0.4 m above the ground in the greenhouse,
twelve 2D sonic anemometers were placed uniformly according to a grid of
3 × 4 points. With a sampling frequency response of 3 Hz, the networked
system simultaneously measured the air flow velocities at 12 positions in the
greenhouse. The average of measurements of the wind speed was 3.87 m/s
with a standard deviation of 0.60 m/s. In this application, except for local
flow velocity measurements, there was no 2D flow field reconstructed.

In 2002, Andereck and Xu applied ultrasound pulses to measure tem-
perature in a mercury filled stainless steel chamber with a size of 13 mm ×
20 mm × 77 mm [21]. An array of 11 transducers was arranged linearly
besides the chamber. A very short ultrasonic pulse was emitted by each
transducer, and then traversed the fluid-filled chamber in a time determined
by the chamber geometry and the average temperature of the fluid through
which the pulse passed. The time difference was measured between the ar-
rival of an echo pulse from the first wall/liquid interface and the arrival of
an echo pulse from the second such interface, the one on the far side of
the chamber. With high speed instrumentation, the influence of the fluid
temperature on the pulse travel time was detected and the temperature
measurement of the fluid interior was established. Thus, a 1D temperature
profile of the fluid along the length of the chamber was obtained. By moving
the array of transducers across the external vertical surface of the chamber,
a 2D map of the fluid temperature profile inside the chamber was produced.

More information on acoustic techniques for temperature and air flow
measurements can also be found in [23, 24, 25, 26, 27].

1.4 Thesis outline

In Chapter 2 of this thesis, first, background information about acoustic
measuring techniques is presented. Second, we introduce a sound signal
analysis that was carried out in order to choose the optimal sound signal
for measuring transmission time. Third, the data processing is introduced
by which the measured transmission times are transferred into sound speed,
air temperature and flow velocity.

In Chapter 3, we present the calibration experiments by which the accu-
racy of flow velocity measurements from the local measurement system, 1D
EnoTemp sensor, is increased. First, for high velocity measurements, cali-
bration experiments were carried out in a wind tunnel in which a uniform air
flow was generated with a constant velocity in each cycle of the experiment.
The speed of the flow in the tunnel was controlled from 0.4 m/s up to 9 m/s.
With reference velocity measurements from a Pitot tube, the velocity mea-
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surements obtained from the EnoTemp sensor were calibrated with respect
to various sound trajectory lengths and flow directions. Moreover, an iter-
ative calibration algorithm was introduced to calibrate the flow direction.
Second, for low velocity measurements, calibration experiments were carried
out in a cylindrical tube, in which an air flow relative to the fixed EnoTemp
sensor was generated by moving the tube with a motor. The moving speed
of the tube was constant during each cycle of the experiment, and ranged
from 2 mm/s up to 10 mm/s. For both calibration experiments, identified
calibration functions were obtained and the calibration results were illus-
trated with graphs. In the end, an additional experiment was carried out to
verify the independence of temperature on the calibration of flow velocity.

Chapter 4 presents a multi-dimensional mathematical algorithm for re-
constructing a scalar field, e.g., a temperature distribution, from a set of line
integrals. First, a preliminary reconstruction algorithm based on a minimum
norm approach is introduced. According to the reconstruction algorithm,
2D numerical simulations with a variety of scalar functions and measuring
geometries have been carried out to validate the mathematical algorithm.
Based on the results of the preliminary reconstruction, a multi-dimensional
interpolation algorithm was applied to make the reconstruction smooth and
accurate. Again, 2D numerical simulations according to the final recon-
struction model were carried out. Simulation results are discussed in order
to establish the relation between the reconstruction accuracy, gradient of
scalar functions, and measurement line geometry.

Similarly, Chapter 5 presents a multi-dimensional mathematical algo-
rithm for reconstructing a vector field, e.g., an air flow field, from a set of line
integrals. First, a multi-dimensional preliminary reconstruction model and
numerical simulations with 2D vector functions are presented and discussed.
Again, the same interpolation algorithm is applied to obtain smoother and
more accurate reconstructions. At the end of this chapter, 2D numerical
simulations with various types of vector functions and line geometries are
presented and discussed.

Chapter 6 presents the experiments for validation of the algorithms,
used in the global measurement system, for reconstructing temperature dis-
tributions and flow velocity fields. The experiments were carried out in an
experimental box with a length of 0.5 m, a width of 0.5 m and a height
of 0.16 m. On the side walls of the box, five transducers were mounted
at each side of the box, and one at each corner. With the measurement
geometry, 28 pairs of transducers emitted and received sound signals with
a frequency of 50 kHz. By measuring the transmission time of the sound
between each pair of transducers one by one, the average temperatures and
air flow velocities along 28 measurement lines were obtained. In the vali-
dation experiment for temperature reconstruction, an artificial temperature
gradient was generated by placing a heat source inside the experimental
box. With the line measurements of temperature obtained, a 2D time-
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independent temperature distribution was reconstructed by applying the
scalar field reconstruction algorithm. In the experiment for validating flow
field reconstruction, an electro fan was used to generate an air flow over the
open top of the box. Based on the obtained line measurements of velocity, a
2D time-dependent flow field was reconstructed by applying the vector field
reconstruction algorithm.

In Chapter 7, we present two practical implementations of reconstruct-
ing temperature distribution and flow field from the acoustic measurements.
In the first implementation, a global measurement system was applied for
measuring real time temperature in a greenhouse. The measurements were
taken for a cross-section of size 42 m × 42 m at a horizontal plane 2.5 m
above the ground. In this case, five speakers and five microphones emitting
signals, with a frequency ranging from 400 Hz to 4 kHz, were set up at the
boundaries of the region. Based on the preprocessed measurements of tem-
perature, a 2D real time temperature distribution in the measurement region
was reconstructed by applying an iterative reconstruction algorithm. The
reconstructed temperature distribution was visualized by a colour map or a
contour plot. In the second implementation, a local measurement system,
3D EnoTemp sensor, was used to simultaneously measure the temperature
and flow velocity in an air curtain. The measurements were carried out at
a door opening where an air curtain was mounted at the top. The measure-
ments were take in a 3D region with a size of 2 m× 2 m× 2.5 m. The local
temperature and flow velocity were measured at the nodes of a measure-
ment position grid of 5 × 5 × 6 points. With the obtained measurements of
temperature and flow velocity, a 3D time-independent temperature distri-
bution and flow field were reconstructed. Furthermore, the heat flux in the
3D region was calculated on the basis of the reconstructions of temperature
distribution and flow velocity field.

Chapter 8 summarizes the results of the research presented in this the-
sis. It contains conclusions related to the acoustic measuring technique and
reconstruction algorithms, and recommendations for further innovative de-
velopment.



Chapter 2

Acoustic measurements

2.1 Introduction

In this chapter, first, some background information on acoustic measuring
techniques, including devices and working principles, is presented. Second,
we describe relevant aspects of sound-signal analysis. The analysis was car-
ried out in order to choose the optimal sound signal for measuring the trans-
mission time. Third, the proposed data processing is presented. The goal of
the data processing is to transfer the data of time measurements into data
of sound speed, temperature and flow velocity.

2.2 Acoustic techniques

In many industrial processes, it is important to have adequate knowledge
of temperature and flow velocity conditions. Such knowledge can be used
as input to improve product quality, to increase heat efficiency, to minimize
energy consumption. For instance, in a greenhouse or a storage room, the
temperatures and the air flow velocities are important inputs for a control
system to keep a stable indoor climate and minimize the energy consumption
as well. In scientific research, for instance, to study the effect of the indoor
climate on the well-being of a human body [31], temperature and flow ve-
locity measurements are also important inputs for calculating or simulating
other physical terms.

As we mentioned in chapter 1, a number of methods and devices are avail-
able for measuring temperature: liquid or gas filled systems, thermocouples,
resistance thermometers and radiation pyrometers. For flow velocity mea-
suring, the most commonly used devices are the Pitot tube, Laser Doppler
Anemometer (LDA) and Particle Image Velocimetry (PIV).

Acoustic measuring technique is a novel approach for measuring simulta-
neously temperature and flow velocity in a medium by means of measuring
the transmission speed of sound signals. When a sound signal is propagat-

13
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ing in a medium, its speed is the outcome of complex interactions among all
sorts of properties of the medium. In this thesis, we consider the medium
to be air. For air, at least the following properties that influence the sound
speed have to be taken into account: humidity, CO2 concentration, pressure,
temperature, and flow velocity. These properties of air have to be studied
under the conditions in which the acoustic technique is applied.

A formula presenting the relation between the sound speed, temperature
and other related physical properties was introduced by Cramer [9]:

c =f(T, p, xc, xω)

=a0 + a1T + a2T
2 + (a3 + a4T + a5T

2)xω

+ (a6 + a7T + a8T
2)p + (a9 + a10T + a11T

2)xc

+ a12x
2
ω + a13p

2 + a14x
2
c + a15xωpxc. (2.1)

Here c is the sound speed in air, T is the temperature in degrees Celsius, p
is the pressure, xc is the relative concentration of CO2, and xω is the water
vapour mole fraction. All the coefficients were given in [9]. Equation (2.1)
is valid for temperatures ranging from 0 � to to 30� , air pressure from
7.5 × 104 Pa to 1.025 Pa, water vapour mole fraction from 0 to 0.06, and
CO2 relative concentration from 0% to 1%.

The water vapour mole fraction, xω, can be calculated from the relative
humidity by the the following formula,

xω =
hfpsv

p
, (2.2)

where h is the relative humidity expressed as a fraction, f is the enhancement
factor, and psv is the saturation pressure of water vapour, see Giacomo [16].

In order to calculate the air temperature from the measurements of the
sound speed in air, the following assumptions are made:

� The sound speed in air is only dependent on temperature, humidity,
CO2 concentration, and air pressure.

� The medium is homogeneous. As a consequence, the trajectory of
sound from a transducer to a receiver is a straight line.

� The medium is isotropic. As a consequence, the speed of sound is
independent of the propagation directions.

� Humidity, CO2 concentration, and pressure are uniform and known
throughout the whole region to which the measurements are applied.
These quantities remain constant during the time required to collect
all measurements in one cycle.
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Figure 2.1: Graph showing the relation between the sound speed c (325 m/s−
485 m/s), the temperature T (−10 � − 100 � ) and the relative humidity
RH (0% − 100% ), derived from equation (2.1) and (2.2), where the air
pressure is 1.012 × 105 Pa and CO2 is 0.031%.

By taking the air pressure p = 1.012×105 Pa and the CO2 concentration
xc = 0.031%, the sound speed c for different temperatures T and relative
humidities h can be derived from equations (2.1) and (2.2). The result is
shown in Figure 2.1. On the other hand, with a known air pressure p,
CO2 concentration xc, and relative humidity h, the temperature T can be
calculated from the measurement of the speed c of sound in air.

If the medium is not isotropic, for instance if there is a flow field in the
medium, then the propagating speed of a sound signal differs with different
directions. In this case, one measures the propagating speeds of a signal
along the trajectories in the two opposite directions and calculates the aver-
age as well as the difference of the two measurements. Then, the average of
the measurements is used as an approximation of the average propagation
speed of the signal for calculating the average temperature along the signal
trajectory. Meanwhile, the difference of the two measurements is used as
the average velocity of the flow tangent to the sound trajectory.
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2.3 Acoustic signal analysis

To measure the transmission time of a sound signal, two transducers A and
B are put facing each other with a distance lAB in between. Transducer A
emits a sound signal and transducer B receives the signal.

After the signal has been emitted and just before the predicted arrival
time, the receiver opens a receiving window and starts receiving the signal.
The length of the window depends on the length of the emitted signal. To
determine the arrival time of a sound signal, an amplitude level detection
combined with a peak detection method is used. In advance, an amplitude
threshold corresponding to the emitted signal has been determined for the
level detection. When the receiver detects that the amplitude of the received
message is higher than the set threshold, it assumes the signal has arrived
and starts to detect the first peak of the signal. The difference between
the instance of the first peak of the received signal and the instance of the
first peak of the emitted signal is computed as the transmission time of the
signal.

For a certain acoustic measuring device, the measuring accuracy of trans-
mission time of the sound signal varies with respect to the frequency and
amplitude of the input signal. To investigate which type of signal servers
our purposes best, the following cases have been studied.

First, we considered a chirp. A signal with the following continuous time
form is used as a reference signal,

x1(t) = A sin(2π(f1 − f2t)t), (2.3)

where the amplitude A is fixed but the signal frequency changes in time.

As an example, Figure 2.2(a) shows a discrete time reference signal
x1(n) = Asin(2π(f1 − f2n)n), with parameters A = 127, f1 = 0.16, f2 =
1.52 × 10−4 and a sampling frequency of 50kHz, as input to transducer A.
As shown in the figure, the signal x1(n) has a constant amplitude but a
frequency decreasing in time. As a result of the experiment, the signal x̂1

received by transducer B is shown in Figure 2.2(b).

The configuration of the received signal x̂1 is quite different from the
input signal x1. The difference is partly due to random noise, and partly
due to delay or damping of the vibration of the transducers. Because noise,
vibration delay and damping are unknown and change randomly in time, it
is hard to take a fixed amplitude threshold suitable for all received signals.
For instance, if one takes a threshold value equal to 50, as shown in Figure
2.2(b), the first peak of the received signal x̂1 will be missed; if one takes
a lower threshold, e.g., a threshold equal to 25, random noise will influence
the accuracy of the peak detection. In view of this, a reference signal of the
form (2.3) is not suitable for our purpose.

The second proposal is to use a reference signal of the following contin-
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Figure 2.2: Graph (a) showing a discrete time reference signal x1(n) =
Asin(2π(f1 − f2n)n), n = 0, 1, ..., 480, with parameters A = 127, f1 = 0.16,
f2 = 1.52×10−4 and a sampling frequency of 50 kHz, (b) the received signal
x̂1(n).

uous time form,

x2(t) = Ae−Bt sin(2πft), (2.4)

where the frequency f is fixed but the amplitude Ae−Bt exponentially damps.
At first, the continuous time reference signal x2(t) = Ae−Bt sin(2πft),

with parameters A = 127, B = 5 × 102, f = 1 × 103, was taken as input.
The discrete time reference signal

x2(n) = Ae−Bn sin(2πfn), n = 0, 1, 2, ..., 480, (2.5)

with parameters A = 127, B = 1 × 10−2, f = 2 × 10−2, and a sampling
frequency of 50 kHz, has a fixed frequency of 1 kHz, see Figure 2.3 (a).

As shown in Figure 2.3(b), the configuration of the received signal x̂2 is
more similar to the reference signal x2 than the received signal x̂1 is to x1.
However, also in this case, it is not easy to determine the position of the
first peak of x̂2 corresponding to the first peak of x2, because the amplitude
of the received signal x̂2 is apparently different from the reference signal x2.
For instance, the first peak is higher than the second peak in the reference
signal x2, while in the received signal x̂2, the first peak is lower than the
second peak. If one takes a threshold value equal to 50, the first peak of the
received signal will be missed while the second peak will be taken instead.
This will cause a large error in the measured transmission time. If one takes
a lower threshold, e.g. 25, the first peak will be extracted, but random noise
will cause errors in determining the position of the peak.

It is possible to use a low-pass filter to get rid of random noise. Figure
2.3(c) shows a filtered signal x̄2, which is the result of applying an averaging
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Figure 2.3: Graph (a) shows a discrete time reference signal x2(n) =
Ae−Bn sin(2πfn), n = 0, 1, 2, ..., 480, with parameters A = 127, B =
1 × 10−2, f = 2 × 10−2, and a sampling frequency of 50 kHz; (b) the
received signal x̂2(n); (c) the filtered received signal x̄2(n); and (d) shows
the time delay 4t = 162 − 13 = 149 between the reference signal x2(n) and
x̄2(n).

filter with a length of 5 samples to the received signal x̂2. The filtered signal
x̄2 is much smoother than the original signal x̂2, so that one can easily
determine the position of the first peak of x̄2. After that, the difference
between the first peak of x2 and the first peak of x̄2 is calculated as the
transmission time 4t of the sound signal.

As shown in Figure 2.3(d), the instant of the first peak of the reference
signal x2 is t1 = 13, while the instance of the corresponding peak of the
filtered received signal ȳ is t2 = 162. The time delay 4t = t2 − t1, as the
transmission time of the sound signal, equals 149 samples or 2.98 ms. Thus,
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the average transmission speed of the sound signal x2 from transducer A to

transducer B is c̄AB =
lAB

4t
=

1

2.98 × 10−3
= 335.6 m/s.

With a reference signal as x2, it is possible to determine the transmission
time of the signal, but in practice, there are still factors influencing the accu-
racy of the time measurements. First, the delay and amplitude damping of
a sound signal change randomly every time. Thus, it is hard to determine a
fixed amplitude threshold suitable to all situations. Moreover, random noise
always disturbs determining the precise position of a peak. An averaging
filter is able to reduce random noise, but if the filter length is too short, it
cannot get rid of random noise completely; if the filter length is too long, it
may change the amplitude of the signal too much by averaging.

There are two ways to reduce the influences of random noise, signal delay
and damping on the transmission time measurements. The first way is to
use a reference signal having the same continuous time form as (2.4), but
with a higher frequency and a more rapidly damped amplitude, for instance,

x3(t) = Ae−Bt sin(2πft), (2.6)

where A = 127, B = 4 × 103, f = 2 × 103.

Figure 2.4(a) shows the discrete time reference signal

x3(n) = Ae−Bn sin(2πfn), n = 0, 1, 2, ..., 480, (2.7)

with parameters A = 127, B = 8 × 10−2, f = 4 × 10−2, and a sampling
frequency of 50 kHz.

In the received signal x̂3, the first peak is the highest, and its profile is
similar to the profile of x3. Compared to the received signal x̂2, random noise
and amplitude damping of the received signal x̂3 is relatively small. After
applying an average filter on the received signal x̂3, the time delay between
the reference signal x3 and the filtered signal x̄3 is easily determined. As
shown in Figure 2.4(d), the time delay 4t = 151 samples or 4t = 3.02 ms.

Another way to reduce the error in measuring the transmission time is to
use a correlation algorithm. The cross-correlation corr(x, y) of two discrete
time signals x(n) and y(n) is defined by

corr(x, y)(m) =
2N−m−1

∑

n=0

x(n) · y(n + N − m), (2.8)

where m = 1, 2, ..., 2N − 1.

In formula (2.8), signals x(n) and y(n) should have the same length; if
they have not, the shorter one is zero-padded to the length of the longer
one.
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Figure 2.4: Graph (a) shows a discrete time reference signal x3(n) =
Ae−Bn sin(2πfn), n = 0, 1, 2, ..., 480, with parameters A = 127, B =
8 × 10−2, f = 4 × 10−2, and a sampling frequency of 50 kHz; (b) the
received signal x̂3; (c) shows the filtered signal x̄3; graph (d) shows the time
delay 4t = 157 − 6 between x3 and x̄3.

If y(n) = x(n), corr(x, x) is called auto-correlation of signal x(n) and is
calculated by

corr(x, x)(m) =
2N−m−1

∑

n=0

x(n) · x(n + N − m), (2.9)

where m = 1, 2, ..., 2N − 1.

When m = N , corr(x, x)(N) =
N−1
∑

n=0

x2(n), it implies that the auto-

correlation corr(x, x)(m) has its maximal value at m = N .
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If y(n) = x(n−k), that is to say, y(n) is the shifted version of x(n). The
cross-correlation corr(x(n), x(n − k)) is therefore calculated as

corr(x(n), x(n − k))(m) =
2N−m−1

∑

n=0

x(n) · x(n − k + N − m) (2.10)

= corr(x(n), x(n))(m − k) (2.11)

where m = 1, 2, ..., 2N − 1.
It implies that the cross-correlation corr(x(n), x(n−k)) is the same as the

auto-correlation corr(x(n), x(n)) shifted over k points. When m = N−k, the
cross-correlation corr(x(n), x(n−k))(m) has its maximal value at m = N−k.

Let x(n) be the sound signal as input to transducer A, and x̂(n) be
the signal received by transducer B. In an ideal situation, for instance, when
signal damping or random noise are absent during transmission, the received
signal x̂(n) equals x(n−k), where k is the transmission time of sound signal
x(n). In order to calculate the transmission time k in the ideal situation, one
may calculate the auto-correlation corr(x, x) as well as the cross-correlation
corr(x, x̂), and thereafter the time delay between corr(x, x) and corr(x, x̂)
is determined by calculating the distance between the two primary peaks of
the two correlations.

In practice, besides the time shifting, the received signal is also affected
by random noise and amplitude damping in comparison to the input signal.
For instance, the received signal x̂3, as shown in Figure 2.4, is not exactly the
same as the input signal x3 after shifting in time, so that the cross-correlation
corr(x3, x̂3) is also not the same as the auto-correlation corr(x3, x3) after
shifting in time. Fortunately, random noise and amplitude damping mainly
change the amplitude of the sound signal, and their influences on the signal
frequency is so small that they can be neglected. Likewise, random noise
and signal damping only change the amplitude of the correlation of signals,
the influence on the frequency of the correlation, especially on the position
of the primary peak, is negligible. Therefore, the time delay between the
auto-correlation corr(x3, x3) and the cross-correlation corr(x3, x̂3) is equal
to the time delay between the reference signal x3 and the received signal x̂3.
This delay is the transmission time of the sound signal x3 from transducer
A to B.

Figure 2.5 (a)-(c) show the auto-correlation corr(x3, x3)(m), corr(x̂3, x̂3),
and the cross-correlation corr(x3, x̂3). The auto-correlations corr(x3, x3)(m)
and corr(x̂3, x̂3) both have the primary peak at m = 480, which is equal to
the lengths of the signal x3(n) and x̂3(n). The cross-correlation corr(x3, x̂3)
has its primary peak at m = 632. Figure 2.5(d) shows the time delay 4t′

between the auto-correlation corr(x3, x3) and cross-correlation corr(x3, x̂3),
where 4t′ = 151 samples or 4t′ = 3.02 ms.

The time delay 4t′ between corr(x3, x3) and corr(x3, x̂3) is exactly the
same as the time delay 4t between x3 and x̄3. Thus, the average trans-
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(d) Time delay 4t′ between
corr(x3, x3) and corr(x3, x̂3)

Figure 2.5: Graphs (a)-(c) showing the auto-correlations corr(x3, x3), the
auto-correlation corr(x̂3, x̂3), and the cross-correlation corr(x3, x̂3); graph
(d) showing the time delay 4t′ = 632 − 481 between corr(x3, x3) and
corr(x3, x̂3).

mission speed of the sound signal x3 from transducer A to transducer B is

calculated by c̄AB =
lAB

4t′
=

1

3.02 × 10−3
= 331.1 m/s.

Because the primary peak of the correlation of signals is outstanding and
its position is easy to determine, it is easier and more accurate to calculate
the time delay between the correlations of two signals than to calculate the
time delay between two signals directly.

In this thesis, reference signals of the form Ae−Bt sin(2πft) are used as
inputs for measuring the transmission time of the sound signal. In practice,
we let the frequency of the reference signal ranging from 200 Hz to 50 kHz.
The sampling frequency can be varied up to 100 MHz, which implies that
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the time interval of one sample is 1× 10−8s. With the proposed correlation
algorithm, transmission time of the sound signals between two transducers
can be measured with an inaccuracy of 10 nanoseconds.

2.4 Acoustic measurement analysis

When a sound signal is transmitted in an isotropic medium, for instance,
in uniform and still air, the transmission speed of sound is independent of
the transmission direction. In this case, calculation of the average transmis-
sion speed of the sound signal between transducer A and transducer B is
easy, just by dividing the calibrated transmission distance by the measured
transmission time. With the calculated average sound speed and known air
humidity, one can calculate the average temperature of the air along the
sound trajectory.

However, in most situations the medium cannot be assumed isotropic,
for instance, when the medium flows, the transmission speed of sound from
A to B is different from the transmission speed from B to A. To calculate
both the average sound speed and the air flow velocity from the measured
transmission times and distances, a careful analysis has to be carried out in
advance. We introduce the following notations:

R the measurement region

x the spatial coordinate in R

c = c(x) sound speed in still air

u = u(x) air flow velocity field

A, B transducers to send and receive sound signals

lAB distance between transducer A and transducer B

τAB unit vector tangent to the trajectory line AB

tAB transmission time of the signal sent at A and received at B

cAB average speed of the signal from A to B

2.4.1 Transmission time measurements

If the air density is uniform and the air flow velocity u(x) = 0 on R, the
transmission time of the sound signal from A to B equals the transmission
time of the sound signal from B to A.

Thus

tAB =

∫ B

A

1

c(x)
ds =

∫ A

B

1

c(x)
ds = tBA. (2.12)
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If the medium is not at rest, but moving according a flow field u(x),
assumed to be stationary during a certain period, the propagation speed of
sound in the medium is the sum of the absolute speed of sound c(x) and the
component (τAB · u(x)) of the air flow velocity field along the trajectory.
The transmission times tAB and tBA are then given by

tAB =

∫ B

A

1

c(x) + u(x) · τAB
ds, (2.13)

and

tBA =

∫ A

B

1

c(x) + u(x) · τBA
ds. (2.14)

Calculating the sum of tAB and tBA gives

tAB + tBA =

∫ B

A

1

c(x) + u(x) · τAB
ds +

∫ A

B

1

c(x) + u(x) · τBA
ds

=

∫ B

A
(

1

c(x) + u(x) · τAB
+

1

c(x) − u(x) · τAB
)ds

= 2

∫ B

A

c(x)

c2(x) − (u(x) · τAB)2
ds

= 2

∫ B

A

1

c(x)

1 −
(u(x) · τAB)2

c2(x)

ds (2.15)

Calculating the difference of tAB and tBA yields

tAB − tBA =

∫ B

A

1

c(x) + u(x) · τAB
ds −

∫ A

B

1

c(x) + u(x) · τBA
ds

=

∫ B

A
(

1

c(x) + u · τ (x)
−

1

c(x) − u(x) · τAB
)ds

= −2

∫ B

A

u(x) · τAB

c2(x) − (u(x) · τAB)2
ds

= −2

∫ B

A

u(x) · τAB

c2(x)

1 −
(u(x) · τAB)2

c2(x)

ds (2.16)

The transmission times tAB and tBA are determined by a combination of the
transmission distance lAB, transmission speed c(x) and flow velocity u(x),
so that it is impossible to calculate the sound speed and flow velocity from
the measurements of transmission times directly from equations (2.15) and
(2.16).
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Figure 2.1 shows that the propagation speed of sound in air varies from
325 m/s up to 485 m/s in the temperature range from −10 � to 100� . In
most practical situations, the air flow speed is less than 10 m/s. Assum-
ing the sound speed c(x) ≈ 343 m/s on average and the air flow velocity

|u(x)| ≤ 10 m/s, we have
(u(x) · τAB)2

c2(x)
≤ 8.5 × 10−4 � 1 and hence

1 −
(u(x) · τAB)2

c2(x)
≈ 1.

With the above assumptions, from (2.15) one obtains

tAB + tBA

2
=

∫ B

A

1

c(x)
ds, (2.17)

while (2.16) gives

tAB − tBA

2
= −

∫ B

A

u(x) · τAB

c2(x)
ds. (2.18)

According to equation (2.17), if one measures the transmission times tAB

and tBA along a number of lines in the region R, one can use a tomography
or equivalent algorithm to reconstructed the sound speed function c(x),x ∈
R, from the time measurements. Afterwards, with the known humidity,
pressure, and CO2 concentration, the temperature distribution T (x) can
be derived from the obtained sound speed function c(x) by the algorithm
introduced in Section 2.2.

However, in equation (2.18), both c(x) and u(x) are unknown, so that it
is impossible to approximate the flow velocity field u(x) independently from
the acoustic measurements. Therefore, if one would use equation (2.18) to
approximate u(x), one has to use the approximation of c(x). Thus, the error
of approximation of c(x) also causes errors in the approximation of u(x).
In order to reduce the approximation errors, one should approximate the
functions c(x) and u(x) independently from the acoustic measurements.

2.4.2 Transmission speed measurements

Instead of using the transmission time measurements tAB and tBA, we use
the average transmission speeds cAB and cBA as the measurements for ap-
proximating the sound speed c(x) and flow velocity field u(x).

The average transmission speeds cAB and cBA are calculated as follows

cAB =
1

lAB

∫ B

A
(c(x) + u(x) · τAB)ds, (2.19)
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and

cBA =
1

lAB

∫ A

B
(c(x) + u(x) · τBA)ds

=
1

lAB

∫ B

A
(c(x) − u(x) · τAB)ds. (2.20)

By writing

c(x) + u(x) · τAB = c0 + δ(x), (2.21)

where c0 is a constant, e.g., the average sound speed in air, and c0 � δ(x),
and substituting into (2.19) one arrives at

cAB =
1

lAB

∫ B

A
(c0 + δ(x))ds

=
1

lAB
(c0lAB +

∫ B

A
δ(x)ds)

= c0 +
1

lAB

∫ B

A
δ(x)ds. (2.22)

From the definition of transmission time tAB in equation (2.13), one has

lAB

tAB
=

lAB
∫ B

A

1

c0 + δ(x)
ds

≈
lABc0

∫ B

A
(1 −

δ(x)

c0
)ds

=
c0

1 −
1

lABc0

∫ B

A
δ(x)ds

≈ c0(1 +
1

lABc0

∫ B

A
δ(x)ds)

= c0 +
1

lAB

∫ B

A
δ(x)ds = cAB. (2.23)

Likewise,
lAB

tBA
≈ cBA.

To approximate the function c(x) from the measurements of the average
transmission speed , we first derive from (2.19) and (2.20)

cAB + cBA

2
=

1

lAB

∫ B

A
c(x)ds. (2.24)

Then we calculate the difference of (2.19) and (2.20), and obtain

cAB − cBA

2
=

1

lAB

∫ B

A
u(x) · τABds. (2.25)

According to the equations (2.24) and (2.25), one can approximate c(x) and
u(x) independently from the average transmission speeds cAB and cBA.
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2.4.3 Measurement dimension analysis

In order to apply the reconstruction model in a variety of measurement
regions, it is important to develop the model in a dimensionless frame.
Therefore, dimension analysis of measurements is necessary for developing
an accurate and stable reconstruction model.

For dimension analysis, the following notations are introduced:

l∗AB =
lAB

l0
l0 is a typical length scale, e.g., l0 = 1m

x∗ =
x

l0
, ds∗ =

ds

l0

c∗(x∗) =
c(x)

c0
c0 is the average sound speed in still air

u∗(x∗) =
u(x)

u0
u0 is a uniform flow speed

t∗AB =
tAB

t0
, t∗BA =

tBA

t0
t0 is a typical time scale determined by l0, c0 and u0

c∗AB =
l∗AB

t∗AB

=
t0
l0

cAB, c∗BA =
t0
l0

cBA.

Substituting the above notations into equation (2.24) and (2.25), it leads to

c∗AB + c∗BA

2
=

c0t0
l0

·
1

l∗AB

∫ B∗

A∗

c∗(x∗)ds∗. (2.26)

and

c∗AB − c∗BA

2
=

u0t0
l0

·
1

l∗AB

∫ B∗

A∗

u∗(x∗) · τABds∗. (2.27)

To make the left-hand and right-hand sides of equation (2.26) both of order
1, a reasonable choice for the time scale t0 is,

t0c0

l0
= 1 =⇒ t0 =

l0
c0

. (2.28)

Thus, the dimensionless forms of equations (2.26) and (2.27) are

c∗AB + c∗BA

2
=

1

l∗AB

∫ B∗

A∗

c∗(x∗)ds∗. (2.29)

and

c0

u0
·
c∗AB − c∗BA

2
=

1

l∗AB

∫ B∗

A∗

u∗(x∗) · τABds∗. (2.30)
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Because
c0

u0
� 1, a small error of the measurements of cAB and cBA will

cause a large relative error of reconstruction of u∗(x∗), see equation (2.30).
This will lead to numerical instability in the mathematical reconstruction
model based on equation (2.30).

Another choice of the time scale t0 is to make the left-hand and right-
hand sides of equation (2.27) both of order 1, then

t0u0

l0
= 1 =⇒ t0 =

l0
u0

. (2.31)

The dimensionless forms of equations (2.26) and (2.27) then become

u0

c0
·
c∗AB + c∗BA

2
=

1

l∗AB

∫ B∗

A∗

c∗(x∗)ds∗. (2.32)

and

c∗AB − c∗BA

2
=

1

l∗AB

∫ B∗

A∗

u∗(x∗) · τABds∗. (2.33)

In equation (2.33), both the left-hand and right-hand sides are of order 1,
so that one can make a dimensionless model to reconstruct the air flow field
u∗(x∗) independently from the sound speed function c∗(x∗).

Therefore, one can choose the time scale t0 =
l0
c0

in order to obtain the

dimensionless equation (2.29) for reconstructing the sound speed function
c∗(x∗); For reconstructing the air flow field u∗(x∗), one can choose a different

time scale t0 =
l0
u0

to obtain the dimensionless equation (2.33).

From now on, we omit the stars from all the dimensionless terms and
rewrite the dimensionless equations (2.29) and (2.33) as

cAB + cBA

2
=

1

lAB

∫ B

A
c(x)ds. (2.34)

and

cAB − cBA

2
=

1

lAB

∫ B

A
u(x) · τABds. (2.35)

2.4.4 Measurement accuracy analysis

In practical situations, the air flow speed is much smaller than the sound
speed in air, so that a small relative error in the measurements of the sound
speed will cause a large relative error in the reconstruction of the air flow
velocity.

It is assumed that c0 is the average sound speed in still air, and u0 is the
speed of a uniform air flow from transducer A to transducer B. Theoretically,
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the average transmission speeds of the sound signal between transducer A

and transducer B are cAB =
lAB

tAB
= c0 + u0 and cBA =

lAB

tBA
= c0 − u0.

However, in practice, there are always errors in the measurements of distance
and time due to the inaccuracy of the measuring devices.

If the relative error of the distance measurement |
ε(lAB)

lAB
|≤ α, the

relative errors of the time measurements |
ε(tAB)

tAB
| ≤ β and |

ε(tBA)

tBA
| ≤ β,

then the measured distance satisfies

(1 − α)lAB ≤ l′AB = lAB + ε(lAB) ≤ (1 + α)lAB, (2.36)

while the measured transmission times are

(1 − β)tAB ≤ t′AB = tAB + ε(tAB) = (1 + β) tAB, (2.37)

and

(1 − β)tBA ≤ t′BA = tBA + ε(tBA) ≤ (1 + β)tBA. (2.38)

The transmission speed of sound from A to B is calculated as

c′AB = cAB + ε(cAB) =
l′AB

t′AB

=
lAB + ε(lAB)

tAB + ε(tAB)

=
lAB

tAB
·
1 +

ε(lAB)

lAB

1 +
ε(tAB)

tAB

≈ cAB

(

1 +
ε(lAB)

lAB

)(

1 −
ε(tAB)

tAB

)

= cAB

(

1 +
ε(lAB)

lAB
−

ε(tAB)

tAB
−

ε(lAB)

lAB
·
ε(tAB)

tAB

)

≈ cAB

(

1 +
ε(lAB)

lAB
−

ε(tAB)

tAB

)

, (2.39)

so that

(1 − α − β)cAB ≤ c′AB ≤ (1 + α + β)cAB. (2.40)

Similarly,

(1 − α − β)cBA ≤ c′BA = cBA ≤ (1 + α + β)cBA. (2.41)
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Thus,

(1 − α − β)
cAB + cBA

2
≤

c′AB + c′BA

2
≤ (1 + α + β)

cAB + cBA

2
, (2.42)

and

cAB − cBA

2
− (α + β)

cAB + cBA

2
≤

c′AB − c′BA

2
≤

cAB − cBA

2
+ (α + β)

cAB + cBA

2
.

(2.43)

Let c̄ =
cAB + cBA

2
and c̄′ =

c′AB + c′BA

2
= c̄ + ε(c̄), then the inequality

(2.42) leads to

−(α + β)c̄ ≤ ε(c̄) ≤ (α + β)c̄,

or

|
ε(c̄)

c̄
| ≤ α + β.

Thus implies that a relative error of α in both the distance measurement
lAB and the time measurement tAB will cause a relative error of α + β
in the calculating of the average sound speed c̄. As a consequence, the
average relative error of the reconstruction of the sound speed c(x) from
the dimensionless equation (2.34) will be α + β, because the left-hand and
right-hand sides of equation (2.34) are of the same order 1.

Let 4c =
cAB − cBA

2
and 4c′ =

c′AB − c′BA

2
= 4c + ε(4c). Then the

inequality (2.43) leads to

−(α + β)c̄ ≤ ε(4c) ≤ (α + β)c̄.

Thus,

|
ε(4c)

4c
| ≤ (α + β)

c̄

4c
≈ (α + β)

c0

u0
.

This implies that a relative error of α from both the distance measure-

ment lAB and time measurement tAB will cause a relative error of (α+β)
c0

u0
for calculating the difference of sound speeds 4c. Thus, the average relative
error of the reconstruction of the air flow field u(x) from equation (2.35)

will be (α + β)
c0

u0
.

In practice, u0 � c0, so the reconstruction error of u(x) could be too
large to be acceptable. For example, assume that lAB = 1m, c0 = 300 m/s
and u0 = 1 m/s, then cAB = c0 + u0 = 301 m/s and cBA = c0 − u0 =
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299 m/s. Theoretically, the transmission speeds of the sound signal are

tAB =
lAB

cAB
= 3.32 × 10−3s and tBA =

lAB

cBA
= 3.34 × 10−3s.

If the relative errors α and β are both 1%, then ε(lAB) = 0.01m, ε(tAB) =
3.32 × 10−5s and ε(tBA) = 3.34 × 10−5s.

Consequently, in equation (2.34), the relative error of measurement c̄ =
cAB + cBA

2
is 2%, so the average reconstruction error of sound speed c(x) is

2%c0 = 6 m/s. If one uses the reconstructed sound speed function c(x) to
calculate the corresponding air temperature distribution T (x), the average
error of calculated temperature distribution could be tremendously large.
For example, when the relative humidity of the air is 50% and the actual
air temperature is 25 � , an error of 1 m/s in the sound speed measurements
will cause an error of 1.7� in the calculated temperature. It implies that
an error of 6 m/s in the sound speed measurements will cause an error
of 10.2 � in the calculated temperature. Such an error of temperature
measurement is unacceptably large.

On the other hand, if one wishes to reconstruct a temperature distribu-
tion with an average error less than 0.1 � , the average reconstruction error
of the sound speed must be less than 0.06 m/s, i.e. the absolute relative
error of sound speed must be less than 0.02%. Thus, the absolute relative
error of both distance measurements and time measurements must be less
than 0.01%. In this case, the distance between two transducers should be
measured accurately within 10−4m and the transmission time of the sound
signal should be measured at an inaccuracy of 10−7s.

In equation (2.35), the relative error of measurement 4c =
cAB − cBA

2
is 2%

c0

u0
, so the average reconstruction error of air flow velocity u(x) is

2%
c0

u0
× u0 = 6 m/s. A reconstruction air flow velocity field with such a

large error does not make any sense because the average speed of the air flow
is only 1 m/s. If one wishes to reconstruct an air flow velocity field with
an average error less than 0.01 m/s, then the distance measurement must
be accurate within 10−5 m and the time measurements must be accurate
within 10−8 s.

As introduced in Section 2.2, by choosing a reference signal as x3(n),
and a sampling frequency of 100 MHz, the transmission time of the sound
signal can be measured at an inaccuracy of 10 ns. Thus, the accuracy of
the time measurements satisfies the requirements for reconstructing both
the temperature distribution and the air flow field in a practical situation.

For reconstructing a temperature distribution with an error less than
0.1 � , the requirement of a distance measuring scale of 10−4 m is easy to
satisfy. For reconstructing an air flow field with an average error less than
0.01 m/s, the distance measurement inaccuracy should be less than 10−5 m.
In practice, there is always an offset present between the measured flow
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velocity and the original flow velocity, which is caused by the disturbance
of the measuring device on the air flow. This offset is much greater than
the errors from the measurements of time and distance, so that it is not
necessary to measure the distance at very high accuracy. For measuring the
flow velocity with such high accuracy, calibration is needed. The calibration
experiments for flow velocity measurements will be presented in Chapter 3.

2.5 Conclusions

Acoustic measuring technique is a novel approach for measuring both tem-
perature and flow velocity in a medium by means of measuring the trans-
mission speed of sound signals. Compared to the classical temperature or
flow velocity measuring methods, acoustic measuring techniques have the
following advantages:

� simultaneous measurements of temperature and flow velocity;

� real time measurements with a short response time;

� a “non-invasive technique”, no direct contact with the medium to be
measured.

Moreover, the local measurement system extracts the local information of
the temperature and flow velocity at the position where the sensor is located.
The global measurement system extracts the global information of the av-
erage temperature and flow velocity along the sound trajectories. Let the
measurement grid cover the whole measurement region, it is possible to de-
velop a reconstruction model that reconstructs the temperature distribution
and flow field on the whole region from the obtained acoustic measurements.



Chapter 3

Calibration experiments for

the local system

3.1 Introduction

This chapter presents a series of experiments for calibrating the flow veloc-
ity measurements from the local measurement system, 1D EnoTemp sensor.
First, experiments were carried out in a wind tunnel at the Fluid Dynamics
Laboratory1 of the Department of Applied Physics, Technische Universiteit
Eindhoven, The Netherlands. In the wind tunnel, a uniform air flow was gen-
erated with a constant velocity in each cycle of the experiment. The speed
of the flow in the tunnel was controlled from 0.4 m/s up to 9 m/s. With
reference velocity measurements from the Pitot tube, the acoustic veloc-
ity measurements were calibrated with respect to various sound trajectory
lengths and flow directions. Moreover, an iterative calibration algorithm
was introduced to calibrate the flow direction. Next, for low velocity mea-
surements, calibration experiments were carried out in a cylindrical tube at
the Department of Architecture, Building and Planning Group, Technische
Universiteit Eindhoven, The Netherlands. In this experiment, an air flow
relative to the fixed EnoTemp sensor was generated by moving the tube with
a motor. The moving speed of the tube was constant during each cycle of
the experiment, and ranged from 2 mm/s up to 10 mm/s. For both cali-
bration experiments, identified calibration functions were obtained and the
results were illustrated with graphs. At last, an additional experiment was
carried out to verify the independence of temperature on the calibration of
flow velocity.

1For technical information about this wind tunnel, see www.fluid.tue.nl
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3.2 Background introduction

3.2.1 Calibration for temperature measurements

As we discussed in Chapter 2, the accuracy of the measurements of temper-
ature and flow velocity depends on the measuring accuracy of sound speed
and length of the sound trajectory.

In the dimensionless equation (2.34), the sound speed function c(x),
which yields the temperature along the sound trajectory, has the same or-

der as the sum of the average sound speeds of cAB =
LAB

tAB
and cBA =

LAB

tBA
.

For a 1D EnoTemp sensor, the transmission times, tAB and tBA, could
be measured with an absolute inaccuracy of 10−8 s. If the distance LAB

between the two transducers is 1 m and is measured with an absolute in-
accuracy of 10−4 m, then the average sound speed is calculated with an
absolute inaccuracy of 1 × 10−4 m/s. Furthermore, if air pressure, relative
humidity, and CO2 concentration are known precisely, with the obtained
sound speed inaccuracy of 10−4 m, the average air temperature along the
sound trajectory can be calculated with an absolute inaccuracy of 0.1� .

In practice, the air properties, such as pressure, relative humidity, and
CO2 concentration are measured inaccurately. These inaccuracies will also
cause errors in the temperature calculation. To increase the accuracy of the
temperature calculation by decreasing the measurement inaccuracy of the
mentioned air properties is not so simple. The behaviour of the interactions
on sound speed from the air properties is very complex, and in practice the
air properties are not stationary. Moreover, additional increase of measure-
ment accuracy will cost more money on improving the measuring devices.

A practical solution is to calibrate one identified parameter of the acous-
tic sensor which relates to the temperature calculation, and to keep the
remaining air properties to be constant during the calibration. Our choice
was to calibrate the length of the sound trajectory of the acoustic sensor.
The calibration experiments were carried out in a climate chamber, where
the pressure, relative humidity, and CO2 concentration were kept constant,
and known precisely. The temperature inside the chamber was adjusted ac-
cording to a range of values from −10� up to 40 � with a step size of 5 � .
The temperature was measured with a reference device and then transferred
into sound speed according to formula (2.1). The acoustic sensor measures
the transmission times of the sound signal corresponding to the different
temperatures. The length of the sound trajectory is calculated from the
transmission time measurements obtained from the acoustic sensor and the
sound speed measurements obtained from the reference device. From the
calibration experiment, the length of the sound trajectory is not equal to the
physical distance between the two transducers of the acoustic sensor, while
the calibrated temperature fits the reference temperature. Having calibrated
a 1D EnoTemp sensor by selecting the sound trajectory length as its identi-
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fied parameter, the device is capable of measuring the temperature with an
inaccuracy of 0.1� . For information related to the calibration [8, 9, 16, 49].

3.2.2 Offsets of flow velocity measurements

In this chapter, we focus on the calibration of the flow velocity measurements
from the acoustic sensor. In the dimensionless equation (2.35), the flow
velocity function u(x) has the same order as the difference of the average
sound speeds, cAB − cBA. In theory, if the sound trajectory of the acoustic
sensor is measured with an inaccuracy of 10−5 m, the flow velocity can be
measured with an inaccuracy of 0.01 m/s as the actual air flow velocity is
1 m/s. In practice, an offset between the measured flow velocity and the
actual flow velocity exists. When the acoustic sensor is placed into the air
flow, the flow velocity has been disturbed. The error caused by this offset is
much greater than the errors from the measurements of time and distance.
Therefore, calibration experiments are needed to come to a high accuracy
of the flow velocity measurements.

When a 1D acoustic sensor is placed into an air flow, the transducers
of the sensor obstruct the air flow, and thus influence the flow velocity
measurements. On the up-stream side, the air flow velocity is reduced due
to the weak effects caused by the up-stream transducer, while on the down-
stream side, turbulence effects are caused by the down-stream transducer.
At the surfaces of both two sides, the flow velocities are zero in the direction
perpendicular to the surfaces. These obstruction effects are expected to
cause a substantial error in the measurement of the air flow velocity.

The obstruction effects caused by the acoustic sensor depend on both the
flow speed and the flow direction. As an example, we consider an original
air flow field u0 that is uniform and has the flow direction parallel to the
sound trajectory from transducer A to transducer B. A typical speed profile
of an air flow tangent to the sound trajectory of the acoustic sensor is shown
in Figure 3.1. The flow speed profile between transducer A and transducer
B is expressed by the function u(x) = (1 − δu(x))u0, where 0 ≤ δu(x) ≤
1, 0 ≤ x ≤ lAB, and u0 = |u0|. Since the transducers locally reduce the
air flow velocity, the flow field between A and B is not uniform any longer.
In the interval, 0 ≤ x ≤ x1, the flow speed u(x) increases from 0 to u0; in
the interval, x1 ≤ x ≤ x2, the flow speed u(x) equals u0; in the interval
x2 ≤ x ≤ lAB, the flow speed u(x) decreases from u0 to 0.

The offset 4u between the measured average air flow speed ūAB and the
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Figure 3.1: An approximation of the speed profile of a uniform air flow field
u0 between two transducers. The flow speed profile between transducer A
and transducer B is expressed by the function u(x) = (1 − δu(x))u0, where
0 ≤ δu(x) ≤ 1, 0 ≤ x ≤ lAB. In the interval 0 ≤ x ≤ x1, the flow speed
u(x) increases from 0 to u0; in the interval x1 ≤ x ≤ x2, the flow speed u(x)
approximately equals u0; in the interval x2 ≤ x ≤ lAB, the flow speed u(x)
decreases from u0 to 0.

actual air flow speed u0 is calculated as follows,

4u = u0 − ūAB

= u0 −
1

lAB

∫ B

A
u(x) · τABds

= u0 −
1

lAB

∫ B

A
(1 − δu(x))u0ds

=
1

lAB

∫ B

A
δu(x)ds. (3.1)

The profile of the disturbed air flow velocity, u(x) = (1 − δu(x))u0,
depends on the actual air flow velocity, the sizes of the transducers and
the distance between the two transducers, so that the measurement offset
4u = u0 − uAB of the air flow velocity also varies in different situations.
For each 1D EnoTemp sensor, the size of the transducers and their mutual
distance are identified, so the offset 4u only depends on the air flow velocity.
Thus, it was possible to calibrate the velocity measurements of the acoustic
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sensor with a set of reference measurements measured by an independent
velocity measuring device, such as a Pitot tube.

3.3 Calibration for high velocity measurements

Figure 3.2: Calibration of the acoustic measurements inside a wind tunnel.
An acoustic measuring device, EnoTemp sensor, and a reference device,
Pitot tube, are mounted in the middle of the wind tunnel, where a uniform
air flow is generated with a speed ranging from 0.4 m/s to 10 m/s.

The calibration experiments for relatively high speed of air flow were
carried out in the wind tunnel, “David”, at the Fluid Dynamics Laboratory
1 of the Department of Applied Physics, Technische Universiteit Eindhoven,
The Netherlands, see Figure 3.2. In the wind tunnel, a uniform air flow
is generated with a valid speed range from 0.2 m/s up to 9 m/s. A Pitot
tube was mounted in the centre of the tunnel to measure the flow speed as
a reference.

3.3.1 Flow speed dependence

In the first calibration experiment, EnoTemp sensor I, with a sound trajec-
tory length of 1 m, was placed along the central axis of the wind tunnel,
such that the sound trajectory was parallel to the air flow direction. The

1For technical information about this wind tunnel, see www.fluid.tue.nl
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wind speeds in the wind tunnel were adjusted from 0.4 m/s up to 9 m/s
with non-equidistant steps. At each step i, the Pitot tube measured the

reference pressures P
(1)
r (i) in the flow, and the corresponding flow speeds

u
(1)
r (i) were calculated afterwards, while EnoTemp sensor I measured the

flow speeds u
(1)
a (i) instantly. In Figure 3.3, we observe that the acoustic

measurements u
(1)
a (i) have always smaller values than the values of the cor-

responding reference measurements u
(1)
r (i). The differences between u

(1)
a (i)

and u
(1)
r (i) vary with respect to the flow speed.
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Figure 3.3: Graphs showing the experimental results for the calibration of

EnoTemp sensor I. The raw acoustic measurements u
(1)
a (i) from EnoTemp

sensor I are indicated by stars, the reference measurements u
(1)
r (i) from

the Pitot tube by circles, the calibrated acoustic measurements u
(1)
c (i) =

f (1)(u
(1)
a (i)) by the straight line, while the absolute differences 4u(1)(i) =

|u
(1)
r (i) − u

(1)
c (i)| between the reference measurements and the calibrated

acoustic measurements are denoted by triangles.

On the basis of the measurements from the first calibration experiment,
we came up with a calibration function of polynomial form:

f(u) = a0 + a1u + a2u
2 + ... + anun. (3.2)

Using the Matlab polynomial fitting algorithm, we found a set of optimal
coefficients {a0, a1, ..., an}, such that the calibrated acoustic measurements
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u
(1)
c (i) = f(u

(1)
a (i)) fit the corresponding reference measurements u

(1)
r (i),

and the mean calibration error 4ū(1) is minimal. Here the mean calibration
error is defined as

4ū(1) =
1

N

N−1
∑

i=0

4u
(1)
1 (i) =

1

N

N−1
∑

i=0

|f(u(1)
a (i)) − u(1)

r (i)|.

According to the raw acoustic measurements u
(1)
a (i) and the reference

measurements u
(1)
r (i), we obtained,

� the 1st order calibration function f
(1)
1 (u) = 1.459u + 0.128 and the

corresponding average difference 4ū(1) = 0.014 m/s;

� the 2nd order calibration function f
(1)
2 (u) = 0.002u2 + 1.445u + 0.140

and the corresponding average difference 4ū(1) = 0.014 m/s;

� the 3rd order calibration function f
(1)
3 (u) = 0.003u3−0.023u2+1.503u+

0.111 and the corresponding average difference 4ū(1) = 0.009 m/s.

From a practical perspective, we proposed to use the 1st order function

f
(1)
1 (u) = 1.459u + 0.128. This function, f

(1)
1 (u), is simple being linear and

sufficiently accurate for calibrating the measurements of the flow velocity
ranging from 0.5 m/s up to 10 m/s. As shown in Figure 3.3, the calibrated

acoustic measurements u
(1)
c (i) = f

(1)
1 (u

(1)
a (i)) fit the reference measurements

u
(1)
r (i).

Because the calibration function f
(1)
1 (u) is desired to make f

(1)
1 (u

(1)
a (i))

fitting the reference measurements u
(1)
r (i), the fitting errors 4u(1)(i) are

reasonably small. In order to verify that the calibration function f
(1)
1 (u) is

suitable for an arbitrary measurement of an air flow speed between 0.4 m/s
and 10 m/s, an independent validation experiment was carried out in the
wind tunnel.

In this validation experiment, the EnoTemp sensor I was turned 180 �
in the wind tunnel and the wind speeds were adjusted from 8.5 m/s down

to 0.4 m/s. The raw acoustic measurements u
(2)
a (i), indicated by stars,

and the reference measurements u
(2)
r (i), indicated by circles, are shown in

Figure 3.4. Substituting the raw acoustic measurements u
(2)
a (i) into the

calibration function f
(1)
1 (u), the calibrated measurements u

(2)
c = f

(1)
1 (u

(2)
a )

were obtained and indicated by the straight line in Figure 3.4. The mean
calibration error 4u(2) was 0.055 m/s.

We also applied the Matlab polynomial fitting algorithm on the second

set of measurements, u
(2)
a (i) and u

(2)
r (i), and then obtained another linear

calibration function f (2)(u) = 1.447u+0.099. Substituting the raw acoustic

measurements u
(1)
a (i) and u

(2)
a (i) into f (2)(u) separately, we obtained the
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Figure 3.4: Graphs showing the experiment results for validating the cal-

ibration of EnoTemp sensor I. The raw acoustic measurements u
(2)
a (i)

from EnoTemp sensor I are indicated by stars, the reference measurements

u
(2)
r (i) from the Pitot tube by circles, the calibrated acoustic measurements

u
(2)
c (i) = f

(1)
1 (u

(2)
a (i)) by the straight line, and the absolute differences

4u(2)(i) = |u
(2)
r (i) − u

(2)
c (i)| between the reference measurements and the

calibrated acoustic measurements are denoted by triangles.

calibrated measurements f (2)(u
(1)
a (i)) with a mean error of 0.054 m/s, and

f (2)(u
(2)
a (i)) with a mean error of 0.021 mm/s.

The slight differences between the corresponding coefficients of the cal-
ibration function f (1)(u) and f (2)(u) came from the errors of the acoustic
measurements and also the errors of the reference measurements. We took
the average of the corresponding coefficients of f (1)(u) and f (2)(u), and then
obtained the third calibration function f (3)(u) = 1.453u + 0.113. The mean

calibration error of f (3)(u
(1)
a (i)) was 0.028 mm/s, and the mean calibra-

tion error of f (3)(u
(2)
a (i)) was 0.028 mm/s. In practical applications, we

took f (3)(u) as the calibration function of EnoTemp sensor I for the velocity
range of 0.5 − 10 m/s.

We applied the same strategy for calibrating another 1D EnoTemp sensor
with the same length of 1 m, and obtained its calibration function of f ′(u) =
1.438u + 0.104, with a mean calibration error of 0.046 m/s.
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3.3.2 Flow direction dependence

During the first calibration experiment for EnoTemp sensor I, the sound
trajectory of EnoTemp sensor I was parallel to the flow direction. Conse-

quentially, the suggested calibration function f
(1)
1 (ua) does not take direction

of the air flow into account. In practice, the influence by the transducers on
the air flow obviously varies with the air flow direction. Thus, the calibra-
tion function should depend on the magnitude and the direction of the air
flow velocity as well.

To obtain a calibration function with two independent variables, mag-
nitude and direction of the flow velocity, we carried out a third experiment
in the wind tunnel. In this experiment, a 1D Enotemp sensor was rotated
inside the wind tunnel to make an angle between the air flow and the sound
trajectory. Due to the limited diameter of the wind tunnel, this time we used
a shorter device, EnoTemp sensor II, with a length of 0.5 m. During the
experiment, the air flow speeds were adjusted from 0.3 m/s to 8 m/s with
non-equidistant steps. At each speed step, EnoTemp sensor II was rotated so
that the sound trajectory made an angle α with the air flow direction, equal
to −40 � ,−20 � , 0 � , 20 � , and 40 � . At a given angle α, the raw measurement

u
(3)
raw obtained from EnoTemp sensor II actually corresponded to the flow

velocity component u cos(πα/180 � ) in the direction of the sound trajectory.

While the velocity measurements u
(3)
r obtained from the Pitot tube were al-

ways in the direction of the air flow. In order to use the measurements u
(3)
r

as references, we took u
(3)
a =

u
(3)
raw

cos(πα/180 � ) as the acoustic measurements for

calibrating EnoTemp sensor II. The acoustic measurements u
(3)
a , indicated

by stars, and the corresponding reference measurements u
(3)
r , indicated by

circles, are shown in Figure 3.5.

Figure 3.6, (a)-(c), graphically illustrates the interpolated surfaces of

the reference measurements u
(3)
r , acoustic measurements u

(3)
a and absolute

differences |u
(3)
r − u

(3)
a | between the reference and acoustic measurements.

As shown in Figure 3.6, the measurements depend on the velocity u and the

angle α. The interpolated surfaces of u
(3)
a , u

(3)
r and |u

(3)
r −u

(3)
a | are symmetric

with respect to α = 0 � . The average of the absolute difference |u
(3)
r − u

(3)
a |

between the acoustic measurements and the reference measurements equals
0.488 m/s.

At a given angle α0, the dependence of u
(3)
r on flow velocity u is described

by a linear function of the flow speed u. At a given flow speed u0, the

dependence of u
(3)
r on angle α is described by a trigonometric function of

angle α, which has its maximal value at α = 0 � . Therefore, the dependence

of u
(3)
r on both u and α is describe by a function g(u, α), in which the linear

dependence on speed u and the trigonometric dependence on angle α is
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Figure 3.5: Graphs showing the flow velocity measurements for calibrating

EnoTemp sensor II. The acoustic measurements u
(3)
a (i) from EnoTemp sen-

sor II are indicated by stars, the reference measurements u
(3)
r from the Pitot

tube by circles, the calibrated measurements u
(3)
c = g(u

(3)
a , α) by crosses, and

the absolute differences 4u(3) = |u
(3)
r − u

(3)
c | between the reference measure-

ments and the calibrated measurements are denoted by triangles. In total,
there are 6 groups of measurements, and each group corresponds to a certain
flow speed ranging from 0.3 m/s to 8 m/s. In each group, every measure-
ment corresponds to an angle of {−40 � ,−20 � , 0 � , 20 � , 40 � }.

combined.
Thus, we proposed to use a calibration function of the following form,

g(u, α) = a0 + a1u + a2u| sin(a3πα/180 � )|, 0 ≤ u ≤ 5,−45 � ≤ α ≤ 45 � .
(3.3)

Based on the acoustic measurements u
(3)
a and the reference measure-

ments u
(3)
r , using the Matlab nonlinear fitting function, we obtained a set of

optimal coefficients of the calibration function g(u, α),

a0 = 0.050, a1 = 1.761, a2 = −0.703, a3 = 2.727.

The surface of the calibration function g(u, α) is shown in Figure 3.6(d).
From the function g(u, α), we observed that the calibration coefficient de-
creases when the absolute angle |α| increases from 0 � to 45 � . When α = 0 � ,
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Figure 3.6: Graphs showing the interpolated surfaces of flow velocity mea-
surements for calibrating EnoTemp sensor II. Graph (a) shows the inter-

polated surface of the reference measurements u
(3)
r as a function of two

variables, velocity u
(3)
a and angle α. (b) the interpolated surface of the

raw acoustic measurements u
(3)
a , (c) the interpolated surface of the abso-

lute differences |u
(3)
r − u

(3)
a |, (d) the surface of the calibration function,

g(u, α) = 1.761u − 0.703u · | sin(2.727πα/180 � )| + 0.050, (e) the surface of

the calibrated measurements u
(3)
c = g(u

(3)
a , α), and (f) shows the interpolated

surface of absolute differences |u
(3)
r − u

(3)
c | with a mean difference equal to

0.048 m/s.
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the calibration function for EnoTemp sensor II becomes g2(u, 0) = 1.761u+
0.050. When α = 40 � , the calibration function for EnoTemp sensor II be-
comes g(u, 40 � ) = 1.096u + 0.050.

Substituting the acoustic measurements u
(3)
a (i), i = 1, 2, 3, ..., 30, and

the corresponding angles α(i) into the calibration function,

g(u, α) = 1.761u − 0.703u · | sin(2.727πα/180 � )| + 0.050, (3.4)

we obtained a set of calibrated measurements u
(3)
c (i) = g(u

(3)
a (i), α(i)). As

shown in Figure 3.5, the calibrated measurements u
(3)
c (i) fit the reference

measurements u
(3)
r (i), indicated by circles. The interpolated surface of the

calibrated measurements also fits the interpolated surface of the reference
measurements, see Figure 3.6(a) and (e). The absolute differences between
the reference measurements and the calibrated measurements, indicated by
triangles in Figure 3.5, or so-called calibration errors, shown in Figure 3.6(f),

are small. The mean of the calibration errors |g(u
(3)
a (i), α(i))− u

(3)
r (i)| (i =

1, 2, ..., 30) equals 0.048 m/s.

We applied the same strategy for calibrating another 1D EnoTemp sensor
with a length of 0.5 m, and then obtained the following calibration function,

g′(u, α) = 1.746u − 0.725u · | sin(2.854πα/180 � )| + 0.079. (3.5)

The corresponding mean calibration error is 0.060 m/s.

To calibrate the acoustic measurement of flow velocity u with the an-
gle dependent function g(u, α), the air flow direction should be known in
advance. However, in most practical applications, the air flow direction is
unknown or changes frequently. In this case, first, a 3D EnoTemp sensor
is needed to measure the three orthogonal components of the flow velocity,
and then an iteration algorithm is needed to determine both magnitude and
direction of the measured flow velocity.

Let ux{0}, uy{0}, and uz{0} be the raw measurements of the flow ve-
locity components in a (x, y, z) Euclidean coordinate system, which are
measured by a 3D EnoTemp sensor without calibration. The three axes of
the coordinate system are defined parallel to the three orthogonal frames
of the 3D sensor. Each frame of the 3D sensor has the same mechanical
structure and the same sound trajectory length (0.5 m) as 1D EnoTemp
sensor II has. Thus, we may assume that the calibration function g(u, α) is
valid for each frame separately.

Initially, we take

u{0} = ux{0}ex + uy{0}ey + uz{0}ez

as the first approximation of the flow velocity. The corresponding angles,
α{0}, β{0}, and γ{0}, between the flow velocity vector and the three axes
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are calculated from,

α{0} =
180 �
π

arccos
( ux{0}

|u{0}|

)

,

β{0} =
180 �
π

arccos
( uy{0}

|u{0}|

)

,

γ{0} =
180 �
π

arccos
( uz{0}

|u{0}|

)

.

Substituting the initial velocity components, ux{0}, uy{0}, uz{0}, and the
corresponding angles, α{0}, β{0}, γ{0}, into g(u, α) separately, we obtain
the 1st determined velocity components,

ux{1} = g(ux{0}, α{0}),

uy{1} = g(uy{0}, β{0}),

uz{1} = g(uz{0}, γ{0}).

The 1st determined flow velocity is

u{1} = ux{1}ex + uy{1}ey + uz{1}ez,

and the 1st determined angles are

α{1} =
180 �
π

arccos
( ux{1}

|u{1}|

)

,

β{1} =
180 �
π

arccos
( uy{1}

|u{1}|

)

,

γ{1} =
180 �
π

arccos
( uz{1}

|u{1}|

)

.

With the 1st determined angles, α{1}, β{1}, γ{1}, we calculate the
initial velocity components ux{0}, uy{0}, and uz{0} again.

Thus, we obtain the 2nd determined velocity components,

ux{2} = g(ux{0}, α{1}),

uy{2} = g(uy{0}, β{1}),

uz{2} = g(uz{0}, γ(1)),

and the corresponding angles, α{2}, β{2}, γ{2}.
Repeating the above steps, we obtain,

� the 3rd iteration
ux{3} = g(ux{0}, α{0}),

uy{3} = g(uy{0}, β{2}),

uz{3} = g(uz{0}, γ{2}),
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�
...

� the kth iteration

ux{k} = g(ux{0}, α{k − 1}),

uy{k} = g(uy{0}, β{k − 1}),

uz{k} = g(uz{0}, γ{k − 1}).

We use the following stop criterion for the iteration algorithm,

max{|α{k} − α{k − 1}|, |β{k} − β{k − 1}|, |γ{k} − γ{k − 1}|} < 1 � .

Figure 3.7 shows the results for the iterative determination procedure.
The raw acoustic measurements are ux{0} = 1.60 m/s, uy{0} = 2.40 m/s,
uz{0} = 2.20 m/s, |u{0}| = 3.623 m/s. After 10 iterations, the calibrated
acoustic measurements ux{10}, uy{10}, uz{10}, are obtained with the de-
sired accuracy.

We applied the iteration algorithm to a set of real acoustic measure-
ments of flow velocity, and saw that, for all the measurements, the desired
calibration accuracy was reached within 20 iteration steps. If one velocity
component was dominant, the convergence speed was faster.

3.4 Calibration for low velocity measurements

For measuring an air flow velocity ranging from 0.5 m/s to 10 m/s, an
average measurement error of 0.048 m/s is acceptable. However, such an
error is too large for measuring an extremely low air flow velocity, e.g. an air
flow velocity smaller than 0.01 m/s. Although the measuring resolution of
an acoustic sensor could reach 1 mm/s, calibration with the Pitot tube does
not render the resolution because the Pitot tube has measurement errors
itself, especially in the low velocity range.

In order to accurately measure the low flow velocity smaller than 0.1 m/s,
the acoustic sensor should be calibrated in a constant slow air flow with more
accurate reference measurements. To create an air flow with a constant
velocity relative to the acoustic sensor, a possible approach is to move the
sensor through the still air at a constant velocity. However, it is difficult to
obtain air that is absolutely still, because even a small temperature gradient
will cause air to move [52]. In a normal indoor environment, the velocity
of the air flow ranges from 0 m/s up to 0.1 m/s, and its direction changes
frequently. Moreover, in the low velocity range, a small mechanical vibration
of the sensor during its motion will cause a large error on the measurement
of the air flow velocity [53].
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Figure 3.7: Graphs showing the calibration results of flow velocity mea-
surements with an iteration algorithm. Graph (a) shows the calibrated
velocity components ux{k}, uy{k}, uz{k}, and speed |u{k}|. The raw
measurements are ux(0) = 1.60 m/s, uy{0} = 2.40 m/s, |uz{0}| =
2.20 m/s,u{0} = 3.623 m/s. By applying the iterative calibration function
u{k} = g(u{0}, α{k − 1}), the calibrated velocity components and the speed
converge to constants after 10 times iteration. Graph (b) shows the cali-

bration results of the corresponding angles, α{k} =
180 �
π

arccos
( ux{k}

|u{k}|

)

,

β{k} =
180 �
π

arccos
(uy{k}

|u(i)|

)

, γ{k} =
180 �
π

arccos
( uz{k}

|u{k}|

)

. After 10

times iteration, the angles converge to constants, and max{|α{k} − α{k −
1}|, |β{k} − β{k − 1}|, |γ{k} − γ{k − 1}|} < 1 � .
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Figure 3.8 shows an example of the fluctuation of air flow velocity in a
temperature controlled laboratory at Nederlands Meetinstituut B.V., Delft,
The Netherlands. The three components, ux, uy, uz, of the air flow velocity
at one point in the laboratory were measured by a 3D EnoTemp sensor
with a sampling frequency of 0.25 Hz, see Figure 3.8 (a). The average of
flow speed |u| is 0.110 m/s and the standard deviation of the flow speed is
0.027 m/s. The corresponding angles, α, β, γ, between the flow velocity
vector and the axes of the fixed coordinate system, are shown in the bottom
plot of Figure 3.8(a). The standard deviations of the angles, α, β, γ, are
13.7 � , 17.4 � , 10.4 � respectively. These values clearly reveal the existence of
a fluctuating air flow, even in a temperature controlled laboratory.

3.4.1 Flow speed dependence

To reduce the influence from the environment, one solution is to create an
air flow by moving a dedicated tube around the sensor instead of moving
the sensor itself [54]. Figure 3.9 schematically illustrates a dedicated device
for calibrating the flow velocity sensor. The device was developed by the
Building and Planning Group of the Department of Architecture, Technis-
che Universiteit Eindhoven, The Netherlands. As shown in Figure 3.9, an
acoustic measuring device, 1D EnoTemp sensor III with a length of 1 m,
was fixed on an extended stick and connected to a computer by a cable. A
cylindrical tube, with a length of 4 m and a diameter of 0.16 m, was placed
on a platform which could be moved at a constant speed along a track. One
end of the tube was closed, and the other one was open, such that the acous-
tic sensor could be placed along the axis of the tube without touching it.
When the tube was moved forwardly or backwardly at a constant speed, an
air flow with the same speed relative to the fixed acoustic sensor was gen-
erated, taking into account incompressibility of air. The tube was moved
by an electro motor. Control of the electro motor was done by adjusting
the power voltage of the motor. The traversing speed was obtained by mea-
suring the passing time of the tube over a distance of 0.1 m. With a time
measurement error of 0.5 s, the relative error of the speed measurement is
1% for a speed of 2.5 mm/s, or 5% for a speed of 10.0 mm/s.

In the first cycle of the calibration experiment, the tube was moved for-
wardly and backwardly at a constant speed of 2.5 mm/s. At the beginning,
EnoTemp sensor III stayed in the middle of the tube. The tube was first
moved forwardly at a constant velocity of +2.5 mm/s; when the closed end
of the tube nearly reached the sensor, the tube stopped and was kept still for
about 120 seconds; afterwards, the tube was moved backwardly at a constant
velocity of −2.5 mm/s. At the acceleration or deceleration phase of each
motion, the air flow velocity inside the tube was not constant. Therefore,
each time the computer started recording the measurements a few seconds
later than the starting point of motion and stopped recording the measure-
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Figure 3.8: Graphs showing the fluctuation of air flow velocity in a tem-
perature controlled laboratory at Nederlands Meetinstituut B.V., Delft, The
Netherlands. In graph (a), the top plot shows the three components,
ux, uy, uz, and the speed |u| of the air flow velocity at one point in the
laboratory, measured by means of a 3D EnoTemp sensor with a sampling
frequency of 0.25 Hz, the bottom plot shows the corresponding angles α, β, γ
between the velocity vector and the axes; graph (b) shows the distribution of
the corresponding air flow velocity measurements, indicated by arrows, in
3D space and on 2D planes.
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Figure 3.9: A dedicated cylindrical tube for calibrating low air flow velocity
measurements. In the tube, an acoustic measuring device, EnoTemp sensor
III, was fixed on the ground and placed inside the tube along its axis. The
tube was moved constantly by a motor at a speed ranging from 0.0025 m/s
to 0.010 m/s, such that a relative air flow, with the same speed relative to
the fixed acoustic sensor, was created.

ments a few seconds earlier than the stopping point of motion. Thus, we
realized a most constant air flow velocity during the recording time. The
sampling frequency of the EnoTemp sensor III was 1 Hz and the recording
time lasted about 100 seconds during each phase of the experiment. Hence,
there were about 100 measurements of air flow velocity corresponding to
the reference velocities of +2.5, 0.0, and −2.5 mm/s respectively. After one
set of measurements were obtained, the same procedure was repeated twice.
The flow velocity measurements obtained from EnoTemp sensor III and the
corresponding reference velocities are shown in Figure 3.11(a).

In the second cycle of the experiment, the motion speed of the tube was
5 mm/s. We applied the same strategy and obtained the acoustic measure-
ments corresponding to the reference velocities: +5.0, 0.0, −5.0 mm/s, see
Figure 3.12(a).

In the third cycle, the motion speed of the tube was 10 mm/s. The
acoustic measurements together with the corresponding reference velocities:
+10.0, 0.0, −10.0 mm/s, are shown in 3.13(a).

Given a fixed distance, a faster motion speed results in a shorter mo-
tion time. Hence, at 10 mm/s fewer measurements were obtained than at
5 mm/s, and fewer than at 2.5 mm/s. Due to the limited length of the
tube, for a speed greater than 10 mm/s, the time is too short to obtain
adequate measurements for calibration.

Finally, by averaging the acoustic measurements obtained in each cycle,

we obtained four average acoustic measurements u
(4)
e (i) = −0.8, 2.6, 4.4,

8.4 mm/s, corresponding to four reference velocities u
(4)
r (i) = 0.0, 2.5, 5.0,
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10.0 mm/s, see Figure 3.10.

−2 0 2 4 6 8 10

x 10−3

−2

0

2

4

6

8

10

12
x 10−3

u [m/s]

u [
m/

s]
Acoustic
Reference
Calibration function
Errors

Figure 3.10: Graphs showing the experimental results for the calibration of

EnoTemp sensor III. The raw acoustic measurements u
(4)
a (i), i = 0, 1, 2, 3,

are indicated by stars, the reference velocities u
(4)
r (i) by circles, the calibra-

tion function uc = f2(ua) = 1.1031ua + 0.0003 by the straight line, while

the absolute differences 4u(4)(i) = |u
(4)
r (i) − u

(4)
c (i)| between the reference

measurements and the calibrated measurements are indicated by triangles.

We used the Matlab polynomial fitting algorithm to obtain a linear cal-
ibration function which was obtained as: f (4)(ua) = 1.1031ua + 0.0003.

Substituting the acoustic measurements u
(4)
e (i), i = 1, 2, 3, 4, into the cali-

bration function f2(ua), we obtained the calibrated measurements u
(4)
c (i) =

−0.5, 3.2, 5.2, 9.6 mm/s. The absolute differences between the calibrated
measurements and the reference measurements, or the so-called absolute cal-
ibration errors, are: 4u(4)(i) = 0.55, 0.72, 0.21, 0.39 mm/s. The mean of
the absolute calibration errors is 0.47 mm/s. The relative calibration errors
are 28.9% for the reference speed of 2.5 mm/s, 4.2% for the reference speed
of 5 mm/s, and 3.9% for the reference speed of 10 mm/s.

With the calibration function f (4)(ua), we calibrated all the raw acoustic
measurements corresponding to the reference velocity of ±2.5 mm/s. The
calibrated measurements together with the reference velocities are shown in
the middle plot of Figure 3.11(a). The reference velocity was 2.5 mm/s when
the tube moved forwardly, 0 mm/s when the tube stayed still, −2.5 mm/s
when the tube moved backwardly. The absolute differences between the cal-
ibrated measurements and the reference velocities are shown in the bottom
plot of Figure 3.11(a). The mean of the absolute difference, or the abso-
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Figure 3.11: Graphs showing the calibration results with a reference velocity
of ±2.5 mm/s. Graph (a) shows the total number of the measurements in the
first cycle of the calibration experiment: the acoustic measurements (curve
in the top plot), the reference velocities (line segments in the top and middle
plots), the calibrated measurements (curve in the top plot), and the absolute
differences (curve in the bottom plot) between the calibrated measurements
and the reference velocity. Graph (b) shows the mean values of the measure-
ments in each phase of the experiment: the acoustic measurements (stars),
the reference velocity (circles), the calibrated measurements (crosses), and
the absolute differences (triangles) between the calibrated measurements and
the reference velocities.
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lute calibration error is 0.91 mm/s. Compared to the reference velocity of
2.5 mm/s, the relative calibration error is 45.5%; too large to be acceptable.

As we discussed in Section 2.4.4, with a sampling frequency of 100 MHz,
the inaccuracy of the time measurements from the acoustic sensor is 10 ns.
For an EnoTemp sensor with a sound trajectory length of 1 m, the reso-
lution of the velocity measurements is 1 mm/s. If the actual velocity is
2.5 mm/s, the measured velocity could be 2.5± 1 mm/s. The raw acoustic
measurements shown in the top plot of Figure 3.11(a) has a standard de-
viation of 0.91 mm/s, which is very close to the measurement resolution.
Although the standard deviation of the acoustic measurements are too large
compared to the references velocity of 2.5 mm/s, the raw measurements of
the velocities are significantly different at different phases of the motion.
If the velocity is nearly constant during a certain period, we can obtain a
more accurate measurement by averaging the raw measurements. In Figure
3.11(b), the mean measurements of the air flow velocity at different phases
are indicated by stars, the corresponding calibrated measurements are in-
dicated by crosses, the absolute differences between the calibrated mean
velocities and the reference velocities are indicated by triangles. The mean
of the absolute calibration errors, i.e. the mean of the absolute differences,
equals 0.59 mm/s. The mean relative calibration error is 29.2%.

The calibrated measurement corresponding to the raw measurements
obtained from the second cycle of the experiment, with a reference velocity
of ±5 mm/s, are shown in the middle plot of Figure 3.12(a). The absolute
calibration errors are shown in the bottom plot of Figure 3.12(a). The
mean of the absolute calibration errors is 0.56 mm/s. In comparison to
the reference velocity of 5 mm/s, the mean relative calibration error is
11.1%. After averaging the raw measurements, the mean absolute error
is 0.27 mm/s, and the mean relative error is 5.4%.

The calibrated measurement corresponding to the raw measurements
obtained from the third cycle of the experiment, with a reference velocity of
±10 mm/s, are shown in the middle plot of Figure 3.13(a). The calibration
errors are shown in the bottom plot of Figure 3.13(a). The mean of the
absolute errors is 0.88 mm/s, and the mean relative calibration error is
8.8% with respect to the reference velocity of 10 mm/s. The calibration
results with the average measurements are shown in Figure 3.13(b). The
mean absolute calibration error is 0.65 mm/s, and so its mean relative error
is 6.5%.

Compared to the calibration function f
(1)
1 (u) = 1.459u + 0.128 for the

high velocity range of 0.4 m/s − 10 m/s, the calibration function f (4)(u) =
1.1031u + 0.0003 for the low velocity range of 0 m/s − 0.01 m/s has much
smaller coefficients. The differences between the two sets of coefficients
could come from the different behaviours of the obstruction effect in the
high velocity range and the low velocity range, the difference of the two
acoustic sensors, or the difference between the two independent reference
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Figure 3.12: Graphs showing the calibration results with a reference velocity
of ±5 mm/s. Graph (a) shows the total number of the measurements in
the second cycle of the calibration experiment. The corresponding mean
calibration error is 0.56 mm/s. Graph (b) shows the mean values of the
measurements in each phase of the experiment. The corresponding mean
calibration error is 0.27 mm/s.



3.4. CALIBRATION FOR LOW VELOCITY MEASUREMENTS 55

0 100 200 300 400 500 600 700 800 900 1000
−0.02

−0.01

0

0.01

0.02

0 100 200 300 400 500 600 700 800 900 1000
−0.02

−0.01

0

0.01

0.02

u 
[m

/s
]

0 100 200 300 400 500 600 700 800 900 1000
0

0.005

0.01

0.015

0.02

measurement

Errors

Calibrated
Reference

Acoustic
Reference

u 
[m

/s
]

u 
[m

/s
]

(a) Total measurements

0 2 4 6 8 10 12 14 16 18
−0.02

−0.01

0

0.01

u [
m/

s]

0 2 4 6 8 10 12 14 16 18

0

5

10
x 10−3

measurement

Errors

Acoustic
Reference
Calibrated

u [
m/

s]

(b) Mean measurements

Figure 3.13: Graphs showing the calibration results with a reference velocity
of ±10 mm/s. Graph (a) shows the total number of the measurements in the
third cycle of the calibration experiment. The corresponding mean calibration
error is 0.88 mm/s. Graph (b) shows the mean values of the measurements
in each phase of the experiment. The corresponding mean calibration error
is 0.65 mm/s.
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measuring devices. We considered the acoustic measurements as well as the
reference measurements, obtained from the two independent experiments,
as a whole. We obtained a calibration function f (5)(u) = 1.470u + 0.089
for the whole velocity range from 0.0025 m/s up to 9 m/s. As shown in
Figure 3.14, the calibration function fits the reference measurement globally,
with a mean error of 0.0341 m/s. While in the low velocity range, the local
errors are significantly large: an error of 0.0772 for the reference velocity
of 0.0025 m/s; 0.0903 m/s for 0.005 m/s; 0.0904 m/s for 0.01 m/s. The
calibration results reveal that a linear calibration function is not valid for
the whole velocity range.
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Figure 3.14: Graph showing the calibration results for both low velocity mea-
surements and high velocity measurements. The top plot shows the acous-
tic measurements (stars) and the reference measurements (circles) from the
two calibration experiments in the low velocity range and in the high velocity
ranges. The linear calibration function f (5)(u) = 1.470u + 0.089, indicated
by a curve with x-axis in log-scale, was calculated to fit the reference mea-
surement in the whole velocity range. The bottom plot shows the differences
between the reference measurement and the calibrated measurements, which
are significantly large in the low velocity range.
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We also considered a nonlinear calibration function for the whole ve-
locity range, and then obtained the second order polynomial calibration
function f (5)(u) = −0.005u2 + 1.499u + 0.070. The mean calibration error
is 0.0347 m/s. And the local errors in the low velocity range are : an er-
ror of 0.0577 m/s for the reference velocity of 0.0025 m/s; 0.0711 m/s for
0.005 m/s; 0.0711 m/s for 0.001. The relative errors are tremendously large
in the low velocity large. Because there is a large gap, from 0.01 m/s to
0.40 m/s, between the low velocity measurements and the high velocity mea-
surements, and also because the weights of the low velocity measurements
are very small for the Matlab fitting algorithm to determine a calibration
function with a minimal error for the whole measurements, it is hard to
obtain a single calibration function valid for both high velocity and low
velocity. Therefore, in practical applications, we propose to calibrate the
acoustic sensor in the pertinent velocity range separately.

3.4.2 Air temperature independence

In theory, air temperature influences the sound speed in the same way at any
direction, so that the acoustic measurements of the air flow velocity, which
is equal to the difference of the sound speed in two opposite directions,
should be independent of air temperature. In most practical situations, the
air temperature does not change uniformly. The nonuniform temperature
gradient will cause an air flow, and thus influences the measurements of the
flow velocity.

To test the independence of temperature on air flow velocity measure-
ments, additional experiments were carried out in another tube which was
closed completely. We checked the influence of changing temperature on the
calibration results and saw that calibration is rather independent of tem-
perature. The closed tube, with a length of 1.2 m and a diameter of 0.1 m,
was placed inside a larger tube which was connected to a ventilation system.
With the ventilation system, a strong air flow was created surrounding the
inner tube, such that the temperature changed uniformly inside the inner
tube. Thus, the temperature gradient inside the inner tube was too small to
cause any air flow. A 1D EnoTemp sensor, with a length of 1 m, was placed
inside the inner tube to measure the temperature and the air flow velocity
simultaneously.

At the beginning of the experiment, the temperature inside the inner
tube was controlled at 21.2� , and then dropped down to 13.7 � , see Fig-
ure 3.15. The inner tube did not correlate with the temperature change.
The standard deviation from the mean of the velocity measurements was
1.6 mm/s throughout the whole experiment. The experimental results
showed that the acoustic measurements air flow velocity are independent
of air temperature.
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Figure 3.15: Graph showing the experimental results for testing the temper-
ature dependence of air flow velocity measurements. The experiment was
carried out in an isolated tube, with a length of 1.2 m and a diameter of
0.1m, in which the disturbance on the air flow from the environment was
minimized. The top plot shows that the temperature inside the box dropped
from above 21 � down to below 14 � during a period about 1 hour; the
bottom plot shows that the velocity measurements did not correlate the tem-
perature change, the means of measurements before and after the temperature
changed were both 8.7 mm/s.

3.5 Conclusions

On the basis of the experimental results for calibrating the acoustic mea-
surements of air flow velocity, we draw the following conclusions:

� To compensate for the obstruction effects of the acoustic sensor on the
air flow velocity, it is necessary to calibrate the acoustic measurements
of flow velocity with accurate reference measurements.

� In both high velocity range (0.5 m/s − 10 m/s) and low velocity range
(0 m/s − 0.01 m/s), a linear function f(u) = a1u + a0 is capable
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to calibrate the acoustic measurements of flow velocity with a small
error.

� The coefficients of the calibration function f(u) are characteristic pa-
rameters of the acoustic sensor at hand, which vary with the mechan-
ical structure and the sound trajectory length of the sensor.

� If the flow direction is known, a function g(u, α) of two variables, as
a combination of linear dependence on speed u and the trigonometric
dependence on angle α, is used to calibrate the flow velocity accurately.

� If the flow direction is unknown, with the acoustic measurements ob-
tained from a 3D EnoTemp sensor, an iteration algorithm u{k} =
g(u{0}, α{k − 1}) is used to determine both the magnitude and direc-
tion of the flow velocity.

� Experimental results showed that the acoustic measurements of flow
velocity are independent of air temperature.
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Chapter 4

Reconstruction of scalar

fields

4.1 Introduction

This chapter presents a multi-dimensional mathematical algorithm for re-
constructing a scalar field, e.g. a temperature distribution, from a set of line
integrals. First, a preliminary reconstruction algorithm based on a minimum
norm approach is introduced. According to the preliminary reconstruction
algorithm, 2D numerical simulations with a variety of scalar functions and
measuring geometries are carried out to validate the mathematical algo-
rithm. Based on the results of preliminary reconstruction, a biharmonic
spline interpolation algorithm is introduced to obtain smoother and more
accurate reconstructions. And again, 2D numerical simulations according
to the final reconstruction algorithm are carried out. The simulation results
are discussed to investigate the relation between the reconstruction accuracy,
gradient of scalar functions and measurement line geometry.

4.2 Classical reconstruction methods

One of the main objectives of this research is to develop a mathematical
model for reconstructing a temperature distribution from the acoustic mea-
surements. As introduced in Section 1.1.4, there are two types of acoustic
measuring systems: a local measurement system and a global measurement
system. The temperature measurements from the local system extract the
local information of the temperature at the point where the 3D EnoTemp
sensor is located, which are the point measurements corresponding to the
nodes of the measurement grid. The temperature measurements from the
global system extract the global information of the average temperature
along the measurement lines, which are the line measurements correspond-
ing to the lines of the measurement grid.

61
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4.2.1 Reconstruction from point measurements

To reconstruct the temperature distribution from the obtained point mea-
surements, the most efficient approach is interpolation that determines the
values between the known ones. There are three main types of interpola-
tion: nearest, linear, and cubic. The nearest interpolation sets the values
of an interpolated point to the values of the nearest data point. Therefore,
this method does not generate any new data points. The linear interpo-
lation fits different piecewise bilinear polynomials on the triangles of data
points. Cubic interpolation uses cubic splines based on the 3rd order polyno-
mials to fit the data points, such that the interpolated function, the 1st and
2nd derivatives are continuous at the data points. The cubic interpolation
produces smooth surfaces while the linear and nearest interpolation have
discontinuities in the first and 0th derivatives, respectively. In most inter-
polation algorithms, the distribution of data points should be regular and
uniform. In [39], Sandwell introduced a biharmonic spline interpolation al-
gorithm for finding the minimum curvature surface that passes through a set
of non-uniformly spaced data points. The algorithm is based on the Green
function of the biharmonic operator. The interpolating surface is a linear
combination of Green functions centred at each data point. Their ampli-
tudes are adjusted so that the interpolating surface passes through the data
points. In practice, we use the Matlab function, “griddata”, to reconstruct
a smooth temperature distribution from the obtained point measurements
of temperature, see Appendix A. More information about interpolation can
be found in [34, 35, 36, 37, 38].

4.2.2 Reconstruction from line measurements

To reconstruct the temperature distribution from the obtained line measure-
ments, the most commonly used approach is a tomographic reconstruction
technique that reconstructs a two- or three-dimensional object from the
one-dimensional projections of the object. The tomographic reconstruction
technique is based on the Radon transform and its inverse. The Radon
transform, R, of a function f(x, y) for any (ρ, θ) ∈ R × [0, π] is defined by

g(ρ, θ) = Rf(x, y) =

∫ +∞

−∞

∫ +∞

−∞

f(x, y)δ(ρ − x cos θ − y sin θ)dxdy, (4.1)

or, in a more convenient from,

g(ρ, θ) = Rf(x, y) =

∫ +∞

−∞

f(ρ cos θ − t sin θ, ρ sin θ + t cos θ)dt. (4.2)

Here g(ρ, θ) is the integral of f(x, y) along the line ρ = x cos θ + y sin θ at
distance ρ from the origin and of which the normal makes an angle θ with
the positive x − axis in counterclockwise direction.



4.3. RECONSTRUCTION MODEL 63

If the integrals g(ρ, θ) are known for (ρ, θ) ∈ R × [0, π], the original
function f(x, y) is given by the inverse Radon transform,

f(x, y) = R−1g(ρ, θ) =
1

2π

∫ π

0

∫ +∞

−∞

1

x cos θ + y sin θ − ρ
·
∂g(ρ, θ)

∂ρ
dρdθ.

(4.3)

In theory, reconstruction of an unknown function f(x, y) needs an infinite
number of integrals g(ρ, θ). In practice this is never the case. The practical
approach is to find suitable approximations to the inverse Radon trans-
form, which work for a finite number of integrals. There are numerous
tomographic algorithms available [33, 40, 41, 42]. In most tomographic or
equivalent reconstruction algorithms, a great number of line integrals are
still needed to reconstruct the original function. Otherwise, the quality of
the reconstruction is poor.

In this chapter, we introduce a modified tomographic reconstruction al-
gorithm by which it is possible to reconstruct an accurate temperature dis-
tribution from a small set of line measurements.

4.3 Reconstruction model

For reconstructing a 2D temperature distribution from a set of line mea-
surements of temperature, the first step is to develop a multi-dimensional
mathematical algorithm for reconstructing a scalar field from a set of line
integrals.

4.3.1 Preliminary approximation

Mathematical algorithm

Assume that f(x),x ∈ Rn is an unknown scalar field in a bounded region of
the space Rn, and {AiBi|i = 1, 2, ..., N} is a group of straight line segments
inside the region, with starting points Ai and end points Bi.

To reconstruct the field f(x),x ∈ Rn from a set of line integrals, first we
associate each line segment AiBi with a functional Fi in the following way,

Fi(f) =
1

li

∫ Bi

Ai

f(x)ds , Mi, 1 ≤ i ≤ N, (4.4)

where li is the length of the line segment AiBi, and Mi is the corresponding
integral.

The classical way to approximate the unknown field f(x) is by choosing
a set of basic fields {ϕj(x) | j = 1, 2, ..., N} to approximate f(x) as a linear
combination

f̂(x) =
N

∑

j=1

λj · ϕj(x), (4.5)
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where the coefficients λj are computed from the linear system

N
∑

j=1

Fi(ϕj) · λj = Mi. (4.6)

The solution of equations (4.6) is not unique, and it is difficult to address
the optimal solution.

In this thesis, we use a different approach to approximate f(x) from the
integrals {Mi|i = 1, 2, ..., N}, which is based on a minimum norm method.

The first step is to split f(x) into two parts

f(x) = f0(x) + 4f(x), (4.7)

where f0(x) is a prediction of f(x), and 4f(x) is the deviation of f(x)
according to the prediction f0(x). For instance, if the prediction f0(x) is
the mean of the integrals Mj , where lj is the length of line segment AjBj ,
then

f0(x) = f̄ =
1

N

N
∑

j=1

Mj . (4.8)

The proposed prediction f0(x) is not suitable if the standard deviation σ̂2 of
4f(x) is too large compared to the requirement, where σ̂2 is approximated
by

σ̂2 ≈
1

N(N − 1)

N
∑

j=1

(Mj − f̄)2, N > 1. (4.9)

Thus, the deviation 4f = f − f0, and it is determined from the integral
deviations 4Mi = Mi − f0 as follows:

Fi(4f) =
1

li

∫ Bi

Ai

(f − f0)ds

= Mi −
1

li

∫ Bi

Ai

f0ds

= 4Mi. (4.10)

Now our task becomes to reconstruct the deviations 4f from the set of
integral deviations 4Mi. To achieve this goal, first we endow the space of
the scalar fields defined on Rn with an inner product. A natural choice is
the L2 inner product

(u, v) =

∫

R

...

∫

R

u · vdx1...dxn. (4.11)
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The problem of finding 4f from the integrals 4M is not yet a straight-
forward minimum norm problem, because there is no field gi such that the
functional Fi can be expressed as

Fi(u) = (u, gi) =

∫

R

...

∫

R

u · gidx1...dxn.

To overcome this problem, we extend each integration line AiBi to an
n-dimensional tube Si with radius r, and introduce the basic scalar field

gi(x) =
1Si

A(r)li
,

where li is the length of the line segment AiBi, A(r) is the area of the cross-
section of the tube Si, and 1Si

denotes the characteristic function of the
tube. It is defined by

1Si
=

{

1, x ∈ Si

0, x ∈ Rn/Si.
(4.12)

Taking the radius r of the tubes Si sufficiently small, the functionals Fi(4f)
can be replaced by the inner product (4f, gi) according to,

(4f, gi) =

∫

Rn

4f(x).gi(x)dx1...dxn

=

∫

Si

4f(x)
1

A(r)li
dx1...dxn

∼=

∫

A

1

A(r)
dσ

1

li

∫ Bi

Ai

4f(x)ds

= 4Mi. (4.13)

There are many functions in L2 space satisfying equations (4.13). To
obtain a unique solution, we write the approximation 4f̂ of 4f as

4f̂ = 4f̂// + 4f̂⊥,

where

4f̂// =
N

∑

j=1

ξjgj ∈ span{g1, g2, ..., gN},

and

4f̂⊥ ∈ (span{g1, g2, ..., gN})⊥.

Thus, we have

(4f̂// + 4f̂⊥, gi) = 4Mi. (4.14)
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Now we introduce a classical minimum norm method. The norm of a func-
tion u in L2 space is defined as

‖ u ‖=
√

(u, u).

Minimizing the norm

‖ 4f̂ ‖2=‖ 4f̂// ‖2 + ‖ 4f̂⊥ ‖2,

where 4f̂// is fixed but 4f̂⊥ is free, it yields

‖ 4f̂⊥ ‖= 0 ⇒ 4f̂⊥ = 0.

Thus, we obtain a unique solution

4f̂ = 4f̂// =
N

∑

j=1

ξjgj . (4.15)

Substituting (4.15) into (4.13) gives the linear system

(

N
∑

j=1

ξjgj , gi

)

= 4Mi,

⇒ GN×N









ξ1

ξ2

...
ξN









=









4M1

4M2

...
4MN









, (4.16)

where GN×N is the Gram matrix of the independent set {g1, g2, ...gN}, and
G(i, j) = (gi, gj), (i, j = 1, 2, ..., N).

To solve the linear system (4.16), one has to calculate the inner products
(gi, gj). This reduces to the following straight-forward computation:

(gi, gj) =

∫

Rn

gi gjdx1...dxn

=

∫

Rn

1Si

A(r)li
·

1Sj

A(r)lj
dx1...dxn

=























1

A(r)li
, i = j

V (Si
⋂

Sj)

A2(r)lilj
, Si

⋂

Sj 6= φ

0, Si
⋂

Sj = φ

(4.17)

where li is the length of the line segment AiBi, A(r) is the area of the cross-
section of the tube Si, and V (Si

⋂

Sj) is the volume of the intersection of
the tubes Si and Sj .
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Substituting the inner products (gi, gj) into the linear system (4.16), one
obtains a unique solution of {ξi}. Finally, an approximation of the unknown
field f is obtained as follows

f̂(x) = f0(x) + 4f̂(x)

= f̄ +
N

∑

j=1

ξj

1Sj

A(r)lj
. (4.18)

Two-dimensional numerical simulation

In order to validate the reconstruction algorithm, some numerical simula-
tions are carried out to reconstruct a dimensionless function f(x, y), 0 ≤
x, y ≤ 1, from a set of normalized line integrals.

The reconstruction error of a function f(x, y) is defined by

ε(x, y) = |f(x, y) − f̂(x, y)|, 0 ≤ x, y ≤ 1, (4.19)

and the mean error of the reconstruction is calculated by

ε̄ =

(

∫ 1
0

∫ 1
0 (ε(x, y))2dxdy
∫ 1
0

∫ 1
0 dxdy

) 1
2

=

( ∫ 1

0

∫ 1

0
|f(x, y) − f̂(x, y)|2dxdy

) 1
2

. (4.20)

Moreover, the normalized mean reconstruction error ε̄′ is defined as follows,

ε̄′ =
ε̄

max(f(x, y)) − min(f(x, y))

=

(

∫ 1
0

∫ 1
0 |f(x, y) − f̂(x, y)|2dxdy

) 1
2

max(f(x, y)) − min(f(x, y))
(4.21)

Example 1
First, we start to reconstruct a simple constant field f1(x, y) = 1, 0 ≤

x, y ≤ 1, with a very simple measurement geometry as shown in Figure
4.1(a).

In this case, even with only 1 vertical and 1 horizontal strip, with a
width equal to 0.1 are used. First the scalar field f1(x, y) = 1 is integrated
along each measurement line, and then the integration is divided by the
length of the line. The two normalized integrations are considered as the
average values of f1(x, y) along the two measurement lines and used as
the line integrals to reconstruct the original field f1(x, y). As a result, the
reconstructed field f̂1(x, y) with a mean reconstruction error ε̄1 = 0 is shown
in Figure 4.1 (d).
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Figure 4.1: Graphs showing the reconstruction result of the field f1(x, y) =
1, 0 ≤ x, y ≤ 1: (a) the original field f1, (b) the geometry of 2 measure-
ment strips with a width of 0.1, (c) the reconstructed field f̂1, and (d) the
reconstruction error ε1(x, y) with a mean ε̄1 = 0.

Example 2
Now we consider another dimensionless function

f2(x, y) = sin(πx), (0 ≤ x, y ≤ 1).

At first we use two measurement strips with a width equal to 0.1, the re-
construction result and the error are shown in Figure 4.2.

In Figure 4.2, it is seen that the reconstruction field with a mean error
ε̄1 = 0.265 is too large to be acceptable. Hence, the information offered
by two measurements is far insufficient to reconstruct the field f2(x, y) =
sin(πx).
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(a) Original field f2
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(c) Reconstructed field f̂
(1)
2 (d) Reconstruction error ε1

Figure 4.2: Graphs showing the reconstruction result of the field f2(x, y) =
sin(πx), 0 ≤ x, y ≤ 1: (a) the original field f2, (b) the geometry of two

measurement strips with a width of 0.1, (c) the reconstructed field f̂
(1)
2 , and

(d) the reconstruction error ε1(x, y) with a mean ε̄1 = 0.265.

To arrive at better results, more measurements are needed. In Figure
4.3, 10 measurements along 5 horizontal lines and 5 vertical lines are used
to reconstruct

f2(x, y) = sin(πx), (0 ≤ x, y ≤ 1).

With more measurement lines, one obtains more intersection areas of mea-
surement strips, in which the approximation values are more precise than
outside the strips. However, the average of the reconstruction error is re-

quired to be smaller than 5%, so that the reconstruction f̂
(2)
2 with a mean

error ε̄2 = 0.162 is not good enough to be acceptable either.
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(a) Original field f2
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(c) Reconstructed field f̂
(2)
2 (d) Reconstruction error ε2

Figure 4.3: Graphs showing the reconstruction result of the field f2(x, y) =
sin(πx), 0 ≤ x, y ≤ 1: (a) the original field f2, (b) the geometry of 10

measurement strips with a width of 0.1, (c) the reconstructed field f̂
(2)
2 , and

(d) the reconstruction error ε2(x, y) with a mean ε̄2 = 0.162.

Due to the more precise approximation in the intersection areas of the
measurement strips, the width of the strips has been extended from 0.1
to 0.2 in order to cover the whole area by the intersections. As shown
in Figure 4.4(b), the configuration of the preliminary reconstructed field

f̂
(3)
2 is more similar to the original field f2 than the configurations of the

previous reconstructions, but it is not continuous at the boundaries of the
measurement strips either; besides, the mean error (ε̄3 = 0.101) is still larger
than the required 5%.

However, at the intersection points of the measurement lines, the dif-
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(a) Original field f2
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2 (d) Preliminary reconstruction error ε3

Figure 4.4: Graphs showing the reconstruction result of the field f2(x, y) =
sin(πx), 0 ≤ x, y ≤ 1: (a) the original field f2, (b) the geometry of 10
measurement strips with a width of 0.2, (c) the preliminary reconstruction

f̂
(3)
2 , and (d) the preliminary reconstruction error ε3(x, y) with a mean ε̄3 =

0.101.

ferences between the reconstructed field f̂
(3)
2 and the original field f2 are

very small. The mean of the absolute differences at the intersection points
is equal to 0.0053. If one samples the values of the reconstructed field at
the intersection points, it is possible to reconstruct an accurate and smooth
scalar field from the sampled values by using an interpolation algorithm. In
the next section, we present an interpolation algorithm which is based on
the Green functions of the biharmonic operators. As we known, in a lo-
cal measurement system, we directly measure the local temperatures at the
nodes of the measurement grid. Thus, this interpolation algorithm can be
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used in both global system and local system to obtain a smooth temperature
distribution.

4.3.2 Final reconstruction

Biharmonic spline interpolation algorithm

In order to obtain a smooth approximation of a scalar field f(x), we intro-
duce a biharmonic spline interpolation algorithm.

Having obtained the preliminary reconstruction f̂(x), we sample the
values Whk = f̂(xhk) at each intersection xhk of the measurement lines
AhBh and AkBk, where h = 1, 2, ..., N1, k = 1, 2, ..., N2, N1 + N2 = N .

According to the biharmonic spline interpolation algorithm, a smooth
approximation f̃(x) matching the sampled values Whk at the intersections
should satisfy,











∇4f̃(x) =

N1
∑

h=1

N2
∑

k=1

λhkδ(x − xhk)

f̃(xhk) = Whk,

(4.22)

where ∇4 is the biharmonic operator, and the unknown coefficients λhk

should be determined from the sampled values Whk.

The general solution of (4.22) is

f̃(x) =

N1
∑

h=1

N2
∑

k=1

λhkφ2(x − xhk), (4.23)

where φ2(x) = |x|2(ln|x| − 1) is a 2D biharmonic Green function.

An example of the 2D biharmonic Green function φ2(x − xhk), where
xhk = (0.5, 0.5), is shown in Figure 4.5.

The unknown coefficients λhk are obtained by solving the linear system

f̃(xij) =

N1
∑

h=1

N2
∑

k=1

λhkφ2(xij − xhk) = Wij , (4.24)

where i = 1, 2, ..., N1; j = 1, 2, ..., N2.

After that, by substituting the coefficients λhk into formula (4.23) one
obtains the approximation f̃(x) of the unknown field f(x). Because each
Green function φ2(x− xhk) is smooth on R2, so is the approximation f̃(x).
Moreover, at each intersection xhk, the value of f̃(xhk) fits the sampled value
Whk exactly.

Another approach for obtaining a smooth approximation of f(x) would
be to skip the step of the preliminary approximation and to use the bihar-
monic Green functions to approximate f(x) directly. Integrating the formula
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Figure 4.5: Graph showing an example of the 2D biharmonic Green function
φ(x − xhk) = |x − xhk|

2ln(|x − xhk| − 1), where x ∈ [0 1] × [0 1] and
xhk = (0.5, 0.5).

(4.18) along each line segment AiBi gives

∫ Bi

Ai

f̃(x)ds =

∫ Bi

Ai

N1
∑

h=1

N2
∑

k=1

λhkφ2(x − xhk)ds

=

N1
∑

h=1

N2
∑

k=1

λhk

∫ Bi

Ai

φ2(x − xhk)ds

= Mi, (4.25)

where Mi, i = 1, 2, ..., N, are the measurements corresponding to the line
segments AiBi.

By solving the linear system (4.25) and substituting the solution λhk

into formula (4.23), one can also obtain a smooth approximation f̃ ′(x) of
the unknown field f(x). However, in the linear system (4.25), the number
of the unknown coefficients λhk is N1 ×N2, while the number of the known
measurements Mi is N = N1 + N2. When N1, N2 > 2, the number of
unknowns N1 × N2 exceeds the number of knowns N = N1 + N2, such
that the linear system (4.25) has no unique solution. So, if we were to
follow this direct method, we would need additional constraints making the
approximation unique. Another reason not to use this direct method is
that for the local measurement system we must always use an interpolation
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Dimension Green function φn(x) Gradient of Green function ∇φn(x)

1 |x|3 x|x|
2 |x|2(ln|x| − 1) x(2ln|x| − 1)
3 |x| x|x|−1

4 ln|x| x|x|−2

5 |x|−1 −x|x|−3

... ... ...
n |x|4−n (4 − n)x|x|2−n

Table 4.1: n-dimensional biharmonic Green functions and the corresponding
gradient functions

algorithm to obtain a smooth temperature distribution.
Furthermore, numerical simulations have validated that the approxima-

tion results by the interpolation with preliminary approximation are more
accurate than the approximation results by the interpolation without pre-
liminary approximation.

Also for the n-dimensional setup, an n-D biharmonic spline interpolation
is available, which is based on the n-D Green functions given in Table 4.1.
More details about the biharmonic spline interpolation algorithm can be
found in [39].

Two-dimensional numerical simulation

In order to obtain a smooth reconstruction of the field f2(x, y) = sin(πx), (0 ≤

x, y ≤ 1), we sample the values of reconstructed field f̂
(3)
2 at each intersec-

tion of strips, and use a biharmonic spline interpolation method to obtain

the smooth approximation f̃
(4)
2 .

As shown in Figure 4.6(d), the configuration of the reconstruction f̃
(4)
2

is much similar to the original field f2. The mean error (ε̄4 = 0.015) of the
reconstruction is also smaller, although the errors at the edges are larger
than in the middle, which is due to the lacking of information at the edges.

In general, for a certain original field a measurement grid with more mea-
surement lines can extract more information to obtain a reconstructed field
with a smaller mean error. On the other hand, with a fixed measurement
grid, the reconstruction error from an original field having a lower gradient
is smaller than the reconstruction error from an original field having a higher
gradient.

In order to study the relation between the measurement grid, field gra-
dient and the reconstruction error, we applied this reconstruction approach
for reconstructing another scalar field

f
(i)
3 (x, y) = exp{−

(x − 0.5)2 + (y − 0.5)2

δi
},



4.3. RECONSTRUCTION MODEL 75

(a) Original field f2 (b) Preliminary reconstruction f̂
(3)
2

(c) Interpolation result f̃
(4)
2 (d) Interpolation error ε4

Figure 4.6: Graphs showing the reconstruction result of the field f2(x, y) =
sin(πx), (0 ≤ x, y ≤ 1): (a) the original field f2, (b) the preliminary recon-

struction f̂
(3)
2 , (c) the interpolation f̃2(4), (d) the interpolation error ε4(x, y)

with a mean value ε̄4 = 0.015.

where δi is a parameter that can be adjusted to control the gradient of the

field f
(i)
3 (x, y), see Table 4.2.

Figure 4.7(a) shows the original field

f
(3)
3 (x, y) = exp{−

(x − 0.5)2 + (y − 0.5)2

0.4
}.

As shown in Figure 4.7(b), a fixed measurement grid consisting of 5
horizontal strips and 5 vertical strips with a width equal to 0.2, is used to
obtain 10 artificial measurements. Using the reconstruction model as well

as the interpolation algorithm, a final reconstructed field f̃
(3)
3 (x, y) with a
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mean error ε̄
(3)
2 = 14.7 × 10−3 is obtained. The preliminary reconstructed

field f̂
(3)
3 (x, y), the interpolated fields f̃

(3)
3 (x, y) and the corresponding errors

are shown in Figure 4.7(c)-(f).

If one takes larger values for δi, e.g. δ11 = 2, the gradient of the original

field f
(11)
3 (x, y) decreases and the surface of the original field f

(11)
3 (x, y)

becomes flatter. Consequently, the final reconstruction result f̃
(11)
3 is better

and the mean reconstruction error ε̄
(11)
2 drops down to 1.9×10−3, see Figure

4.8(a)-(f).

The relation between the gradient parameter δi and the mean recon-

struction error ε̄
(i)
2 is shown in Table 4.2 and Figure 4.9.

i 1 2 3 4 5 6 7 8 9 10 11

δi 0.1 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

ε̄
(i)
2 (×10−3) 79.9 40.9 14.7 7.4 4.7 3.6 3.0 2.6 2.3 2.1 1.9

Table 4.2: Table showing the mean reconstruction errors ε̄
(i)
2 according to

the gradient parameter δi of the original functions f
(i)
3 (x, y).

As shown in Figure 4.9, when the parameter δi increase from 0.1 to

0.6, the mean errors ε̄
(i)
2 of the final reconstruction, indicated by crosses,

decrease rapidly; afterwards, when δi increases from 0.6 to 2, the mean errors

ε̄
(i)
2 decrease slowly and finally converge to 1.9 × 10−3. Using the Matlab

polynomial fitting function, a function ε = g(δ) = 8.4× 10−3 1
δ
− 4.1× 10−3

is obtained, which fits the mean errors ε̄
(i)
2 .

4.4 Conclusions

This chapter presented a mathematical model that reconstructs a smooth
temperature field from the acoustic measurements obtained from the local
system or global system. For the local measurement system, a biharmonic
spline interpolation is a powerful tool for finding a smooth scalar field that
passes through the obtained point measurements. As one of its advantages,
the biharmonic spline interpolation does not require the data points to be
regularly spaced, so that the measurement grid is flexible. For the global
measurement system, first, a modified tomography algorithm based on the
solution of a standard minimum norm problem is used to transfer the line
measurements into point measurements. After that, the same interpolation
is applied to obtain a smooth scalar field from the transferred point mea-
surements. Two-dimensional numerical simulations have validated that this
reconstruction model is capable to reconstruct an accurate scalar field from
a small set of line measurements. Simulation results showed that the re-
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construction accuracy is related to the geometry of measurement lines and
the gradient of the original scalar field. In principle, more measurement
lines extract more information from the original field, hence result in more
accurate reconstruction. The larger gradient the original field has, the more
measurement lines are needed for extracting more detailed information. On
the other hand, with a fixed measurement grid, the smoother original scalar
field is, the smaller reconstruction error will be.
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Figure 4.7: Graphs showing the reconstruction result of the field f
(3)
3 (x, y) =

exp{−
(x − 0.5)2 + (y − 0.5)2

δ3
}, δ3 = 0.4, 0 ≤ x, y ≤ 1. Graph (a) shows

the original field f
(3)
3 (x, y), (b) the geometry of 10 measurement strips with

a width of 0.2, (c) the preliminary reconstruction f̂
(3)
3 (x, y), (d) the pre-

liminary reconstruction error ε
(3)
1 (x, y) with a mean ε̄

(3)
1 = 0.0598, (e) the

interpolation f̃
(3)
3 (x, y), and (f) shows the interpolation error ε

(3)
2 (x, y) with

a mean ε̄
(3)
2 = 0.0147.
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Figure 4.8: Graphs showing the reconstruction result of the field f
(11)
3 (x, y) =

exp{−
(x − 0.5)2 + (y − 0.5)2

δ11
}, δj = 2, 0 ≤ x, y ≤ 1. Graph (a) shows the

original field f
(11)
3 (x, y), (b) the geometry of 10 measurement strips with a

width of 0.2, (c) the preliminary reconstruction f̂
(11)
3 (x, y), (d) the prelimi-

nary reconstruction error ε
(11)
1 (x, y) with a mean value ε̄

(11)
1 = 1.7 × 10−2,

(e) the interpolation result f̃
(11)
3 (x, y), and (f) shows the interpolation error

ε
(11)
2 (x, y) with a mean ε̄

(11)
2 = 1.9 × 10−3.



80 CHAPTER 4. RECONSTRUCTION OF SCALAR FIELDS

0  0.5 1  1.5 2  
0   

0.02

0.04

0.06

0.08

0.1 

δ

ε Mean errors ε
i

f(δ)=0.0084*δ−1−0.0041

Figure 4.9: Graph showing the mean reconstruction errors ε̄
(i)
2 , indicated

by crosses, corresponding to the gradient parameters δi from 0.1 to 2. A

function f(δi) = 8.4 × 10−3 ×
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δi
− 4.1 × 10−3, indicated by the curve, is

obtained to fit the mean errors ε̄
(i)
2 .



Chapter 5

Reconstruction of vector

fields

5.1 Introduction

This chapter presents a multi-dimensional mathematical algorithm for re-
constructing a vector field, e.g., an air flow field, from a set of line integrals.
First, a multi-dimensional preliminary reconstruction model and numerical
simulations with two-dimensional vector functions are presented and dis-
cussed. To obtain smooth and accurate reconstructions, a multi-dimensional
interpolation algorithm is introduced. At the end, two-dimensional numeri-
cal simulations with various types of vector functions and measuring geome-
tries are presented and discussed.

5.2 Classical reconstruction methods

Assume that u(x) = u(x)ex + v(x)ey + w(x)ez is an unknown air flow field
in a 3D bounded region D. For developing a mathematical model for re-
constructing the flow field u(x), one should first collect the flow velocity
measurements. As for temperature measurements, there are also two types
of acoustic measuring systems for measuring air flow velocity: a local mea-
surement system and a global measurement system.

5.2.1 Reconstruction from point measurements

In the local measurement system, at the nodes xi (i = 1, 2, ..., N) of a prede-
termined measurement grid in D, the 3D EnoTemp sensor simultaneously
measures the flow velocity components u(xi) · τ i, where τ k (k = 1, 2, 3)
are the unit vectors tangent to the sound trajectories between the three
pairs of transducers. The three velocity components (u(xi) · τ k)τ k are in-
dependent because the unit vectors τ k are orthogonal to each other. Thus,
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the flow velocity u(xi) = u(xi)ex + v(xi)ey + w(xi)ez at the point xi is
easily determined from the measurements. Afterwards, by using the same
interpolation strategy as used for scalar fields, independently, one obtains
smooth reconstruction of the velocity component functions: ũ(x) from u(xi),
ṽ(x) from v(xi), and w̃(x) from w(xi). Hence, a smooth reconstruction
of the flow velocity field on the whole measurement region is obtained:
ũ(x) = ũ(x)ex + ṽ(x)ey + w̃(x)ez, x ∈ D.

5.2.2 Reconstruction from line measurements

In the global measurement system, the velocity measurement provides the
average of the flow velocity component tangent to the measurement lines
AiBi, thus,

V i =
1

Li

∫ Bi

Ai

u(x) · τ ids, (5.1)

where V i is the measured velocity component, Li is the length of measure-
ment line AiBi, and τ i is the unit vector tangent to the measurement line
AiBi.

For two dimensions, we express the measurement line AiBi by

L(θ, ρ) : ρ = x cos θ + y sin θ, (ρ, θ) ∈ R × [0, π], (5.2)

where ρ is the distance from the origin to the measurement line, θ is the
angle between τ⊥

i and the positive x − axis in counterclockwise direction.
Thus we obtain the Radon transfer

g(ρ, θ) := Ru =
1

Li

∫

L(θ,ρ)
u · τ ids. (5.3)

Using vector tomography, the vector field u(x) can be reconstructed
from the line measurements. Detailed descriptions of vector tomography
and its applications were presented in [39, 43, 44, 46, 47, 48]. As for scalar
tomography, most of the vector tomography algorithms also need a large set
of line integrals for reconstructing the vector field.

In this chapter, we introduce a modified vector tomography reconstruc-
tion model combining the standard minimum norm problem and the bihar-
monic spline interpolation algorithm. With this reconstruction model, one
can accurately reconstruct vector fields from a small set of line measure-
ments.
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5.3 Reconstruction model

5.3.1 Preliminary approximation

Mathematical algorithm

A vector field u(x) on Rn can be expressed by

u(x) = u1(x)e1 + u2(x)e2 + ... + un(x)en,

where {e1, e2, ..., en} is a standard bases of the vector space on Rn.
To reconstruct an unknown n-dimensional vector field u(x) on Rn, one

needs to know the components u1(x), u2(x), ..., un(x). For this purpose we
consider a measurement geometry consisting of m groups of parallel mea-
surement lines

G(k) = {A
(k)
i B

(k)
i | k = 1, 2, ..., m; i = 1, 2, ..., Nk},

where m ≥ n, and A
(k)
i B

(k)
i ‖ A

(k)
j B

(k)
j for two measurement lines from the

same line group, but A
(k1)
i B

(k1)
i ∦ A

(k2)
j B

(k2)
j for two measurement lines from

different line groups.

The unit vectors τ (k) tangent to the measurement lines A
(k)
i B

(k)
i are

expressed by

τ (k) = α
(k)
1 e1 + α

(k)
2 e2 + ... + α(k)

n en.

We associate each measurement line A
(k)
i B

(k)
i with a linear functional

F
(k)
i defined on a vector field u on Rn in the following way,

F
(k)
i (u) =

1

l
(k)
i

∫ B
(k)
i

A
(k)
i

(u, τ (k))ds, i = 1, 2, ..., Nk, (5.4)

where l
(k)
i is the length of the line segment A

(k)
i B

(k)
i .

The problem we address is to find the best fitting vector field u satisfying

F
(k)
i (u) = V

(k)
i , i = 1, 2, ..., Nk, (5.5)

where V
(k)
i are the measurements corresponding to the measurement lines

A
(k)
i B

(k)
i .

To approximate the unknown vector field u(x) satisfying equations (5.5),
the classical way is to select a set of basic fields {uj(x) | j = 1, 2, ...M} and
to write u(x) as a linear combination of the basic field uj(x),

u(x) =
N

∑

j=1

λjuj(x). (5.6)
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The coefficients λj in this expression should be computed from the linear
system

M
∑

j=1

λjF
(k)
i (uj) = V

(k)
i , i = 1, 2, ..., Nk; k = 1, 2, ..., m; . (5.7)

As reconstructing a scalar field in Chapter 4, we use a different approach
to reconstruct the vector field u(x).

The first step is to split u(x) into two parts,

u(x) = u0(x) + 4u(x), (5.8)

where u0(x) is the prediction of u(x), and 4u(x) is the deviation of u(x)
according to u0(x).

The prediction u0(x) could be a uniform vector field u0 calculated as fol-

lows. First calculate the mean of the measurements V
(k)
i in the measurement

line group G(k) = {A
(k)
i B

(k)
i },

V
(k)

=
1

Nk

Nk
∑

i=1

V
(k)
i , k = 1, 2, ..., m. (5.9)

Second, let

u0 = β1e1 + β2e2 + ... + βnen, (5.10)

then we obtain the following linear system

u0 · τ k =
n

∑

j=1

βj(ej , τ k) = V
(k)

, k = 1, 2, ..., m, (5.11)

or

Am×n









β1

β2

...
βn









=











V
(1)

V
(2)

...

V
(m)











, (5.12)

where Am×n = (ej , τ k) with m > n.

If m = n and {τ 1, τ 2, ..., τm} is independent, the matrix A is invertible,

then the equations (5.12) have a unique solution (βj) = A−1 · (V
(k)

). If
m > n, in general, the equations (5.12) may have no solution. However,
we can calculate an approximation of the coefficients according to (βj) =

(A∗A)−1A∗ · (V
(k)

).
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Substituting the obtained coefficients βj into (5.10), we obtain a uniform

vector field u0 =

m
∑

j=1

βjτ
(j).

The deviation 4u = u − u0 is determined from the measurement devi-

ation 4V
(k)
i = V

(k)
i − (u0, τ

(k)) as follows,

F
(k)
i (4u) =

1

l
(k)
i

∫ B
(k)
i

A
(k)
i

(u − u0, τ
(k))ds

= V
(k)
i −

1

l
(k)
i

∫ B
(k)
i

A
(k)
i

(u0, τ
(k))ds

= 4V
(k)
i . (5.13)

Now our task is to reconstruct the vector field deviation 4u from the

set of measurement deviations 4V
(k)
i . Similar to the scalar field, we first

endow the space of the vector fields on Rn with the L2 inner product

(u,v)L2 =

∫

R1

...

∫

Rn

u · vdσ, (5.14)

where the dot is referring to the Euclidean vector product

u · v = u1v1 + ... + unvn. (5.15)

As in the scalar case, we want to define a minimum norm problem. For that

we extend each measurement line A
(k)
i B

(k)
i to an n-D tube S

(k)
i with radius

r, and introduce the basic vector fields

g
(k)
i =

1
S

(k)
i

A(r)l
(k)
i

τ (k), (5.16)

where τ (k) is the unit vector along the line segment A
(k)
i B

(k)
i , l

(k)
i is the

length of the line segment A
(k)
i B

(k)
i , A(r) is the area of the cross-section of

the tube S
(k)
i , and 1

S
(k)
i

is the characteristic function of the tube defined by

1
S

(k)
i

=

{

1, x ∈ S
(k)
i

0, x ∈ Rn/S
(k)
i .

(5.17)

We replace the functionals F
(k)
i (4u) by functionals represented by the inner
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product according to

(4u,g
(k)
i ) =

∫

Rn

4u · g
(k)
i dx1...dxn

=

∫

Rn

4u ·
1

S
(k)
i

A(r)l
(k)
i

τ (k)dx1...dxn

∼=

∫

A

1

A(r)
dσ

1

l
(k)
i

∫ B
(k)
i

A
(k)
i

(4u, τ (k))ds

= 4V
(k)
i . (5.18)

Replacing the notations of the set of tubes

{S
(1)
1 , ..., S

(1)
N1

, S
(2)
1 , ..., S

(2)
N1

, ..., S
(m)
1 , ..., S

(m)
Nm

}

by {S1, S2, ..., SN}, where N = N1 + N2 + ... + Nm, then the correspond-
ing unit vectors are {τ 1, τ 2, ..., τN}, the corresponding measurement devi-
ations are {4V1,4V2, ...,4VN}, and the corresponding basic vector fields
are {g1,g2, ...,gN}.

Thus, we obtain the following minimum norm problem: to find 4û, the
approximation of the vector field u, such that 4û has minimum norm and
satisfies that

(4û,gi) = 4Vi, i = 1, 2, ..., N. (5.19)

The solution 4û of the equations (5.19) can be expressed as

4û =
N

∑

i=1

ξigi, i = 1, 2, ..., N. (5.20)

Substituting (5.20) into (5.19), we obtain the linear system,

GN×N









ξ1

ξ2

...
ξN









=









4V1

4V2

...
4VN









, (5.21)

where G is the N × N Gram matrix of the independent set {g1,g2, ...gN},
and G(i, j) is (gi,gj), i, j = 1, 2, ..., N .

To solve the linear system (5.21), one has to calculate the inner products
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(gi,gj). Like in the scalar case, we do this in the following way,

(gi,gj) =

∫

Rn

gi · gjdx1...dxn

=

∫

Rn

1Si

A(r)li
τ i ·

1Sj

A(r)lj
τ jdx1...dxn

=























1

A(r)li
, i = j

V (Si
⋂

Sj)

A2(r)lilj
τ i · τ j , Si

⋂

Sj 6= φ

0, Si
⋂

Sj = φ

(5.22)

where li is the length of the tube Si, A(r) is the area of the cross-section of
the tube Si, and V (Si

⋂

Sj) is the volume of the intersection of the tubes
Si and Sj .

Substituting the inner products (gi,gj) into the linear system (5.21),
we obtain a unique solution of {ξi}. Finally, an approximation ū(x) of the
unknown vector field u(x) is obtained as follows

û(x) = u0(x) + 4û(x)

= ū +
N

∑

j=1

ξj1Sj

A(r)lj
τ j , (5.23)

where ū is the prediction of u, and 1Sj
are the characteristic functions

defined in (5.17).

Two-dimensional numerical simulation

Similar to the scalar case, some numerical simulations are carried out to
validate the vector field reconstruction algorithm. A vector field is visualized
by streamlines together with arrows.

A streamline of an n-D vector field u(x) = u1(x)e1 + u2(x)e2 + ... +
un(x)en is a curve whose tangent is parallel to u(x) at any point x ∈ Rn.
The family of streamlines of u(x) is the solution of the following equation,
written in differential form as,

dx1

u1(x)
=

dx2

u2(x)
= ... =

dxn

un(x)
, x ∈ Rn. (5.24)

The reconstruction error of a reconstructed vector field û(x, y) is defined
by

ε(x, y) = |u(x, y) − û(x, y)|, 0 ≤ x, y ≤ 1, (5.25)
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The mean error of the reconstruction is calculated as follows,

ε̄ =

(

∫ 1
0

∫ 1
0 (ε(x, y))2dxdy
∫ 1
0

∫ 1
0 dxdy

) 1
2

=

( ∫ 1

0

∫ 1

0
|u(x, y) − û(x, y)|2dxdy

) 1
2

. (5.26)

Moreover, the normalized mean reconstruction error ε̄′ is defined by,

ε̄′ =
ε̄

max(|u(x, y)|) − min(|u(x, y)|)

=

(

∫ 1
0

∫ 1
0 |u(x, y) − û(x, y)|2dxdy

) 1
2

max(|u(x, y)|) − min(|u(x, y)|)
. (5.27)

Example 1

First we start to reconstruct a two-dimensional uniform vector field
u1(x, y) = 2ex + ey, 0 ≤ x, y ≤ 1, as shown in Figure 5.1 (a), where
arrows indicate the vectors corresponding to the starting points and curves
indicate the streamlines of the vector field u1(x, y).

In the measurement geometry in Figure 5.1(b), there is only 1 horizontal
measurement line A1B1 with a unit tangent vector τ 1 = ex and 1 vertical
measurement line A2B2 with a unit tangent vector τ 2 = ey. The lengths li
of both measurement strips are 1 and widths are 0.1. First, the average of
the projection of the vector field u1(x, y) on each measurement line AiBi is
calculated as

1

li

∫ Bi

Ai

(u1, τ i)ds = Vi, i = 1, 2. (5.28)

With the artificial measurements Vi, i = 1, 2, we use the vector field recon-
struction model, as introduced in Section 5.3.1, to obtain a reconstructed
vector field û1(x, y).

Because the original vector field u1(x, y) is uniform in the whole region,
two orthogonal measurement lines are sufficient to extract the information
for reconstructing the original vector field. As shown in Figure 5.1(c) and
(d), the reconstructed vector field û1(x, y) is exactly the same as the original
field u1(x, y) = 2ex + ey, and the reconstruction error ε1(x, y) = 0, ∀ 0 ≤
x, y ≤ 1.

Example 2

Now we consider a non-uniform vector field u2(x, y) = yex + xey, 0 ≤
x, y ≤ 1, see Figure 5.2(a). The measurement geometry is the same one as
in Example 1, so 1 horizontal measurement line and 1 vertical measurement
line.
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(a) Original vector field u1
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(b) Measurement geometry
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Figure 5.1: Graphs showing reconstruction result of the vector field
u1(x, y) = 2ex + ey, 0 ≤ x, y ≤ 1. Graph (a) shows the original field
u1(x, y), (b) the geometry of 2 measurement strips with a width of 0.1, (c)
the reconstructed field û1, and (d) shows the reconstruction error ε1(x, y)
with a mean value ε̄1 = 0.

Because the two measurements only extract the average information of

the field u2 along the two measurement lines, the reconstructed result û
(1)
2

from the measurements, see Figure 5.2(c), is just the average of the original
vector field u2, where the local information of the original field is missing.
The reconstruction error ε1(x, y), shown as a scalar field in Figure 5.2(d),
has a mean value equal to 0.386.

The reconstructed result, the uniform vector field û
(1)
2 , shows that two

measurement lines are far from sufficient to reconstruct the nonuniform field
u2 accurately. To obtain accurate reconstructions, one needs more measure-
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(b) Measurement geometry
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Figure 5.2: Graphs showing the first reconstruction result of the vector field
u2(x, y) = yex + xey, 0 ≤ x, y ≤ 1. Graph (a) shows the original field
u2(x, y), (b) the geometry of 2 measurement strips with a width of 0.1, (c)

the reconstructed field û
(1)
2 , and (d) shows the reconstruction error ε1(x, y)

with a mean value ε̄1 = 0.386.

ment lines to extract local information of the original field u2. Here we
use a measurement geometry consisting of 5 horizontal measurement lines
and 5 vertical measurement lines, see Figure 5.3(b). With 10 measurements

corresponding to the measurement lines, a vector field û
(2)
2 is reconstructed

as shown in Figure 5.3(c).

Compared to the reconstructed field û
(1)
2 , the reconstructed field û

(2)
2

reflects more details of the local information of the original field u2, but
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Figure 5.3: Graphs showing the second reconstruction result of the vector
field u2(x, y) = yex + xey, 0 ≤ x, y ≤ 1. Graph (a) shows the original field
u2(x, y), (b) the geometry of 10 measurement strips with a width of 0.1, (c)

the reconstructed field û
(2)
2 , and (d) shows the reconstruction error ε2(x, y)

with a mean value ε̄2 = 0.870.

the streamlines are not continuous at the boundaries of the strips. The
scalar field of the reconstruction error ε2, as shown in Figure 5.3(d), is not
continuous either. The mean of the reconstruction error ε̄2 is equal to 0.870,
which is even larger than the mean of reconstruction error ε̄1.

At the intersection points of the measurement lines, the vectors of the

reconstructed field û
(1)
2 are very close to the vectors of the original field

u2. The mean of the reconstruction errors at the intersection points is
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equal to 0.0217. If one samples the accurately reconstructed vectors of û
(1)
2

at the intersection points, then it is possible to reconstruct an accurate
and smooth vector field from the sampled vectors by using an interpolation
algorithm. Again, we choose a biharmonic spline interpolation algorithm for
reconstructing a smooth vector field.

5.3.2 Final reconstruction

According to the formula (5.16), the discontinuity of the reconstructed field

û
(2)
2 is due to the basic vector fields gi used in the reconstruction model,

which are discontinuous at the boundaries of the measurement strips.
To reconstruct a 2D vector field u(x, y) = u(x, y)ex + v(x, y)ey from

a set of acoustic measurements, we first use the vector field reconstruction
algorithm introduced in Section 5.3.1 to obtain a preliminary reconstruction

û(x, y) = û(x, y)ex + v̂(x, y)ey.

Afterwards, we sample the values û(xh, yk) = û(xh, yk)ex+v̂(xh, yk)ey at the
intersections (xh, yk) of the measurements lines AhBh and AkBk. Thus, our
task becomes approximating the scalar fields u(x, y) and v(x, y) separately
from the sampled values û(xh, yk) and v̂(xh, yk).

By using the biharmonic spline interpolation algorithm introduced in
Section 4.3.2, two smooth scalar fields ũ(x, y) and ṽ(x, y) are calculated.
Finally, a vector field ũ(x, y) = ũ(x, y)ex + ṽ(x, y)ey is obtained as a smooth
approximation of the original vector field u(x, y).

Based on the preliminary reconstructed vector field û
(2)
2 (x, y) as shown

in Figure 5.3(c), we sample the values of û
(2)
2 (xh, yk) at the intersections

(xh, yk) of the 5 horizontal measurement lines and the 5 vertical measure-
ment lines. Afterwards, we use the biharmonic spline interpolation algo-

rithm to obtain a smooth vector field ũ
(3)
2 (x, y) as the final approximation

of u2(x, y). As shown in Figure 5.4, the final reconstructed field ũ
(3)
2 is

similar to the original field u. The reconstruction error ε3 is shown in Fig-

ure 5.4(d). The mean error of the final reconstruction ũ
(3)
2 is equal to 0.023,

which is much smaller than the mean error of the preliminary reconstruction

ũ
(2)
2 .

Example 3
To validate the vector field reconstruction and interpolation algorithm,

we applied this approach for reconstructing another 2D vector field, namely
u3(x, y) = sin(y − 0.5)ex + sin(x− 0.5)ey, 0 ≤ x, y ≤ 1. As shown in Figure
5.5, only with 10 measurement lines, the final reconstructed vector field ũ3 is
very similar to the original vector field u3. The reconstruction error ε1(x, y)
is shown in Figure 5.5(d), and the mean reconstruction error ε̄1 is equal to
0.020.
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(a) Original vector field u2
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ũ
(3)
2

(d) Reconstruction error ε3

Figure 5.4: Graphs showing the final reconstruction result of the vector field
u2(x, y) = yex + xey, 0 ≤ x, y ≤ 1. Graph (a) shows the original field
u2(x, y), (b) the geometry of 10 measurement lines, (c) the reconstructed

field ũ
(3)
2 , and (d) shows the reconstruction error ε3(x, y) with a mean ε̄3 =

0.023.

Example 4

Numerical simulations have revealed that a measurement geometry with
two groups of orthogonal measurement lines is sufficient for reconstructing
most smooth vector fields. However, such a measurement geometry is not
suitable for any vector field. For instance, for the vector field u4(x, y) =
sin(x − 0.4)ex + sin(y − 0.4)ey, 0 ≤ x, y ≤ 1, the measurement geometry
leads to an unacceptable reconstruction, see Figure 5.6.

As shown in Figure 5.6(a), the original vector field u4(x, y) has a sym-
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Figure 5.5: Graphs showing reconstruction result of the vector field
u3(x, y) = sin(y − 0.5)ex + sin(x − 0.5)ey, 0 ≤ x, y ≤ 1. Graph (a) shows
the original field u3(x, y), (b) the geometry of 10 measurement strips with
a width of 0.1, (c) the reconstructed field ũ3, (d) the reconstruction error
ε1(x, y) with a mean value ε̄1 = 0.020.

metry centre at (0.4, 0.4). When one integrates the projection of the vector
field u4(x, y) over the measurement lines, the projected vector components
having the opposite directions cancel out. Thus, the measurements, as the
integral over the measurement lines, only extract the average information
of the vector field along the corresponding measurement lines. As a conse-
quence, the reconstructed field ũ4 only reflects the main trend of the original
field u4(x, y), and the detailed local information of the original vector field
is missed, see Figure 5.6(c). The reconstruction error ε1, with a mean equal
to 0.376, is too large to be acceptable.
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(c) Final reconstructed vector field ũ4 (d) Reconstruction error ε1(x, y)

Figure 5.6: Graphs showing reconstruction result of the vector field
u4(x, y) = sin(x − 0.4)ex + sin(y − 0.4)ey, 0 ≤ x, y ≤ 1. Graph (a) shows
the original field u4(x, y), (b) the geometry of 10 measurement strips with

a width of 0.1, (c) the reconstructed field ũ
(1)
4 , (d) the reconstruction error

ε1(x, y) with a mean value ε̄1 = 0.376.

In practice, a turbulent flow field will cause the same problem on the
acoustic measurements, such that a reconstructed flow field from the ob-
tained acoustic measurements will miss the details of the turbulence in the
original flow field. To overcome such a problem, one solution is to add more
measurement lines and then make a finer measurement geometry to extract
more formation from the original vector field. Another solution is to divide
the whole original vector field into a couple of sub-fields, and then make
a new measurement geometry separately for each sub-field. Because the
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measurement lines in a sub-field are shorter than the measurement lines in
the whole field, the corresponding measurements extract more local details
from the original field. After that, one can use the vector field reconstruction
algorithm to reconstruct each sub-field separately from the corresponding
measurements. Finally, an entire vector field could be reconstructed by com-
bining the reconstructed sub-fields into one smooth field with the introduced
interpolation algorithm.

5.4 Conclusions

This chapter presents a mathematical model that reconstructs a flow veloc-
ity field from the acoustic measurements obtained from the local system or
global system. In the local system, the same interpolation algorithm as used
for reconstructing scalar fields is applied for reconstructing the components
of the vector field independently from the components of local velocity mea-
surements. In the global system, a modified vector tomography algorithm
is applied for transferring the line measurements of vector fields into point
measurements. After that, the same interpolation is used to obtain a smooth
vector field. Compared to the classical vector tomography algorithms, this
reconstruction model needs less line measurements to obtain an accurate
vector field. Similar to the scalar case, the reconstruction accuracy of a
vector field is also related to the geometry of the measurement lines and the
profile of the original vector field. In general, more measurement lines ex-
tract more information from the original vector field, hence result in a more
accurate reconstruction. The global measurement system is not suitable for
measuring some particular flow fields. For instance, if there is a source or a
sink in the flow field, the line measurements, as the average velocity along
the measurement line, do not reflect the detailed information of the source
or sink. In this case, a local measurement system is more useful to extract
the local information of flow velocity, and hence results in a more accurate
reconstruction of the flow field.



Chapter 6

Validation experiments for

the global system

6.1 Introduction

In this chapter practical experiments are presented for validation of the
reconstruction algorithms, used in the global measurement system, for re-
constructing temperature distributions and flow velocity fields. The ex-
periments were carried out at Innovation Handling B.V., Eindhoven, The
Netherlands. In this system, 24 transducers were mounted on the side walls
of a glass box. Along 28 measurement lines, the average temperatures and
air flow velocities were measured. On the basis of the obtained acoustic mea-
surements, a 2D temperature distribution and a 2D air flow field were re-
constructed. Furthermore, an iteration algorithm was introduced to achieve
more accurate and more smooth reconstructions. The reconstruction re-
sults, of both temperature distribution and air flow field, are illustrated
with graphs.

6.1.1 Experimental environment

In order to validate the reconstruction algorithms for scalar and vector fields,
practical experiments were carried out in an experimental global measure-
ment system. Figure 6.1 schematically illustrates the measurement geome-
try of the global measurement system. In this system, 24 transducers were
mounted on the side walls of a glass box with a with a length of 0.5 m, a
width of 0.5 m and a height of 0.16 m. With the measurement geometry,
28 pairs of transducers emitted and received sound signals with a frequency
of 50 kHz. By measuring the transmission time of the sound between each
pair of transducers one by one, the average temperatures and air flow ve-
locities along 28 measurement lines were obtained. With the acoustic mea-
surements of temperature and air flow velocity, separately, we reconstructed

97
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Figure 6.1: Graph showing the measurement geometry of an experimental
global measurement system. Twenty-four transducers were mounted on the
side walls of an experimental box with sizes 0.5 m×0.5 m×0.16 m, such that
28 measurement lines were obtained. The transducers simultaneously emit-
ted and received sound signals with a frequency of 50 kHz. By the means
of measuring the transmission time of the sound between each pair of trans-
ducers, the average temperature or air flow velocity along each measurement
line was obtained. In the experiment for temperature reconstruction, a power
adapter, as a heat source, was placed at the bottom-right corner of the box;
while in another experiment for air flow reconstruction, an electro fan was
used to blow a wind over the experimental box from the right side to the left
side.

the 2D temperature distribution and the 2D air flow field in a horizontal
rectangular plane in the experimental box.

In the validation experiment for temperature reconstruction, an artificial
temperature gradient was generated by placing a heat source inside the
experimental box, such that one could validate the reconstruction results
qualitatively. In the experiment for validating flow field reconstruction, an
electro fan was used to blow an air flow over the open top of the experimental
box from the right side to the left side.
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6.2 Reconstruction of a 2D temperature field

6.2.1 Line measurements of temperature

In the experiment for temperature reconstruction, a power adapter, as a
heat source, was placed at the bottom-right corner of the experimental box.
The sound trajectories were above the heat source, but not through. The
box was closed to minimize the influence on the temperature from the sur-
roundings, so that we assumed that the temperature distribution in the box
was steady within a measurement cycle of 20 seconds. In each cycle, 28
average temperatures Mi along the corresponding measurement lines AiBi

were collected one by one,

{Mi} = {24.26, 24.45, 24.47, 24.21, 24.15, 23.98, 24.09, 24.20, 24.21, 24.19,

24.06, 24.11, 24.14, 24.21, 24.26, 24.23, 24.12, 24.20, 24.17, 24.24,

24.52, 24.59, 24.28, 24.59, 24.70, 24.71, 24.40, 24.60} in [ � ]

With the obtained acoustic measurements of temperature, we recon-
structed the 2D temperature distribution in a horizontal plane of the exper-
imental box.

6.2.2 Mathematical model

The reconstruction algorithm introduced in Chapter 4 is based on a general
approach for reconstructing an unknown scalar field f(x) from a set of line
measurements. In practice, the scalar field could be the sound speed function
or the temperature distribution.

Assume that T (x, y) is the 2D temperature distribution on the hori-
zontal plane of the experimental box as shown in Figure 6.1, and {Mi| i =
1, 2, ..., 28} are the measurements of the average temperature along the mea-
surement lines AiBi.

Integration of T (x, y) along each measurement line AiBi leads to,

1

li

∫ Bi

Ai

T (x, y)ds = Mi, (6.1)

where li is the length of the measurement line AiBi.

Using the scalar field reconstruction algorithm introduced in Section
4.3, we obtain a preliminary reconstruction of the temperature distribution
T (x, y),

T̂ (x, y) = T̄ +
28

∑

i=1

ξi1Si

2rli
. (6.2)
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Here T̄ =
1

28

28
∑

i=1

Mi is the mean of the temperature measurements, Si are

the measurement strips corresponding to the lines AiBi, 2r is the width of
the measurement strips, and 1Si

is the characteristic function of Si defined
in (4.12).

Thereafter, we sample the values of T̂ (x, y) at the intersections of the
measurement lines, and use the biharmonic spline interpolation algorithm to
obtain a smooth temperature distribution T̃ (x, y) as the final approximation.

Because the actual temperature distribution T (x, y) in the box is un-
known, one cannot evaluate the accuracy of the reconstructed temperature
distribution T̃ (x, y) directly. However, one can calculate the mean temper-
ature along each measurement line as

M ′
i =

1

li

∫ Bi

Ai

T̃ (x, y)ds,

and then compare M ′
i with the original measurements Mi. Thus, the mean

error of the reconstructed temperature distribution T̃ (x, y) is defined by

ε̄ =
1

N

(

N
∑

i=1

|Mi − M ′
i |

2
) 1

2 . (6.3)

6.2.3 Experiment results

As shown in Figure 6.2(a), the whole measurement geometry is irregular and
complicated. The biharmonic spline interpolation algorithm works best for
regularly spaced data points, so we decided to use an iterative procedure in
which a regular measurement geometry is used at each step.

Therefore, we split the whole measurement geometry into three regular
sub-geometries as shown in Figure 6.2. The first sub-geometry consists
of 5 horizontal lines, 5 vertical lines and 2 diagonal lines, and the other
two sub-geometries consist of 4 rotated horizontal lines, 4 rotated vertical
lines and 2 diagonal lines. With such measurement sub-geometries, one
can use the reconstruction algorithm to obtain the temperature distribution
step by step. We present two methods of reconstructing the temperature
distribution T (x, y).

First reconstruction method

In the first method, we first calculate the mean of the temperature measure-

ments M
(k)
i in the kth sub-geometry, and then apply the mean temperature

T̄ (k)(k = 1, 2, 3) as the preliminary approximation. After that, the deviation

4M
(k)
i of each measurement M

(k)
i is calculated with respect to the mean

temperature T̄ (k). On the basis of the measurement deviations 4M
(k)
i , the
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Figure 6.2: Graphs showing the measurement geometries for reconstructing
temperature distribution T (x, y). Graph (a) shows the whole measurement
geometry with 28 measurement lines, (b) Sub-geometry 1 consisting of 12
measurement strips with a width of 0.025m, (c) Sub-geometry 2 consisting of
10 measurement strips with a width of 0.025m , and (d) shows Sub-geometry
3 consisting of 10 measurement strips with a width of 0.025m.

temperature deviation M T (k) is reconstructed. By using the biharmonic
spline interpolation algorithm, we obtain a smooth temperature deviation
M T̃ (k). Then we add this temperature deviation M T (k) to the mean temper-
ature T̄ (k). Thus, we obtain three independently reconstructed temperature
distributions T̃ (k)(k = 1, 2, 3). At the end, we take the average of the three
reconstructions T̃ (k) as the final reconstruction of temperature distribution
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T (x, y).

The steps of reconstructing the temperature distribution T (x, y) are the
following:

� Step 1 to obtain the 1st reconstructed temperature distribution

T̃ (1) = T̄ (1)+ M T̃ (1).

� Step 2 to obtain the 2nd reconstructed temperature distribution

T̃ (2) = T̄ (2)+ M T̃ (2).

� Step 3 to obtain the 3rd reconstructed temperature distribution

T̃ (3) = T̄ (3)+ M T̃ (3).

� Step 4 to obtain the final reconstructed temperature distribution

T̃ =
1

3
(T̃ (1) + T̃ (2) + T̃ (3)).

The reconstruction results are shown in Figures 6.3-6.6. For the experiments
under consideration, the values of the reconstruction errors were found to
be:

ε̄(1) = 0.0039� , ε̄(2) = 0.0045 � , ε̄(3) = 0.0038� ,

and the mean reconstruction error is ε̄ = 0.0041� .

Second reconstruction method

The other method we proposed is based on an iteration algorithm.

Firstly, the mean T̄ ′ of all the measurements Mi, i = 1, 2, ..., 28, is cal-
culated as the preliminary approximation of the temperature distribution

T (x, y). Then we calculate the deviations 4M
(1)′

j of the measurements

M
(1)′

j in Sub-geometry 1 with respect to the mean temperature T̄ ′. Based

on the measurement deviations 4M
(1)′

j , the temperature deviations 4T̂ (1)′

is reconstructed according to measurements in Sub-geometry 1. With the
interpolation algorithm, a smooth temperature deviation 4T̃ (1)′ is obtained.
After that, we add the temperature deviation 4T̃ (1)′ to the average temper-
ature T̄ ′ and take the sum as the 1st temperature reconstruction T̃ (1)′ .

Secondly, we calculate the deviations 4M
(2)′

j of the measurements M
(2)′

j

in Sub-geometry 2 with respect to the first reconstruction T̃ (1)′ . Likewise
in Sub-geometry 1, a smooth temperature deviation 4T̃ (2)′ is reconstructed

from the measurement deviations 4M
(2)′

j in Sub-geometry 2. After that, we
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(b) 1st mean temperature T̄ (1)
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(c) 1st temperature deviation M T̂ (1)
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(e) 1st temperature reconstruction T̃ (1)

Figure 6.3: Graphs showing the 1st step for reconstructing temperature dis-
tribution T (x, y). Graph (a) shows the sub-geometry 1, (b) the 1st mean
temperature T̄ (1), (c) the 1st reconstructed temperature deviation M T̂ (1),
(d) the 1st interpolated temperature deviation M T̃ (1), and (e) shows the 1st

reconstructed temperature distribution T̃ (1) = T̄ (1)+ M T̃ (1) with a mean
reconstruction error ε̄(1) = 0.0039 � .
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(b) 2nd mean temperature T̄ (2)
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(c) 2nd temperature deviation M T̂ (2)
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(e) 2nd temperature reconstruction T̃ (2)

Figure 6.4: Graphs showing the 2nd step for reconstructing temperature dis-
tribution T (x, y). Graph (a) shows the sub-geometry 2, (b) the 2nd mean
temperature T̄ (2), (c) the 2nd reconstructed temperature deviation M T̂ (2),
(d) the 2nd interpolated temperature deviation M T̃ (2), and (e) shows the
2nd reconstructed temperature distribution T̃ (2) = T̄ (2)+ M T̃ (2) with a mean
reconstruction error ε̄(2) = 0.0045 � .
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(b) 3rd mean temperature T̄ (3)
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(c) 3rd temperature deviation M T̂ (3)
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(e) 3rd temperature reconstruction T̃ (3)

Figure 6.5: Graphs showing the 3rd step for reconstructing temperature dis-
tribution T (x, y). Graph (a) shows the sub-geometry 3, (b) the 3rd mean
temperature T̄ (3), (c) the 3rd reconstructed temperature deviation M T̂ (3), (d)
the 3rd interpolated temperature deviation M T̃ (3), (e) the 3rd reconstructed
temperature distribution T̃ (3) = T̄ (3)+ M T̃ (3) with a mean reconstruction
error ε̄(3) = 0.0038 � .
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Figure 6.6: Graph showing the final temperature reconstruction T̃ =
1

3
(T̃ (1) + T̃ (2) + T̃ (3)) with a mean reconstruction error error ε̄ = 0.0041 � .

add the temperature deviation 4T̃ (2)′ to the 1st temperature reconstruction
T̃ (1)′ and take the sum as the second temperature reconstruction T̃ (2)′ .

Based on the previous reconstruction T̃ (2)′ , we apply the same strategy
to obtain the 3rd temperature reconstruction T̃ (3)′ . The third reconstruction
T̃ (3)′ is taken as the final reconstruction T̃ ′ of the temperature distribution
T (x, y). The average reconstruction error ε̄(k)′ of each reconstruction T̃ (k)′

is calculated by Formula (6.3).
The steps of reconstructing the temperature distribution T (x, y) by means

of iteration are the following:

� Step 1 to obtain the 1st reconstructed temperature distribution

T̃ (1)′ = T̄ ′+ M T̃ (1)′ ,

with a mean reconstruction error ε̄(1)′ = 0.0039 � .

� Step 2 to obtain the 2nd reconstructed temperature distribution

T̃ (2)′ = T̃ (1)′+ M T̃ (2)′ ,

with a mean reconstruction error ε̄(2)′ = 0.0021 � .

� Step 3 to obtain the 3rd (final) reconstructed temperature distribution

T̃ = T̃ (3) = T̃ (2)′+ M T̃ (3),

with a mean error reconstruction ε̄(3)′ = 0.0023 � .
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The reconstruction results are shown in Figures 6.7-6.9.

The second iteration algorithm combines the information from 3 sub-
geometries for reconstruction. The mean error of the final reconstruction
with the second iteration algorithm is smaller than the first one. We also
reconstructed the temperature distribution T (x, y) from all the line mea-
surements at one step. The corresponding mean reconstruction error of
0.0086 � was much larger than the mean error of the iterative reconstruc-
tion algorithm.

6.3 Reconstruction of a 2D air flow field

6.3.1 Line measurements of flow velocity

The experiments for validation of the vector field reconstruction algorithm
were carried out in the same experimental box. As indicated in Figure 6.10,
we chose a measurement geometry consisting of 5 horizontal and 5 vertical
measurement lines. Instead of using a heat source to generate a temperature
gradient, this time we used a fan to generate an air flow u(x, t) inside the
box. The top side of the box was open, and the air was blown over the
box from the right side to the left side. Actually, the air flow field u(x, t)
in the box is a 3D vector field, but in this experiment, we only measured
the components of the flow velocity tangent to the horizontal plane. Within
a measuring cycle of 20 seconds, the flow velocity components Vi = u · τ i

tangent to the measurement lines AiBi were measured.

The driven air flow in the box was unsteady, so that the air flow field
u(x, y, t) was also a function of time. In practice, we assume that the flow
changes as a timescale that is large compared to one measurement cycle, so
that a cycle of velocity measurements Vi, i = 1, 2, ..., 10, is supposed to be
measured at the same instant tk. Table 6.1 shows the acoustic measurements
Vi(tk), i = 1, 2, ..., 10; k = 1, 2, ..., 6, collected in 6 measurement cycles.

V1(tk) V2(tk) V3(tk) V4(tk) V5(tk) V6(tk) V7(tk) V8(tk) V9(tk) V10(tk)

t1 -0.029 -0.065 -0.080 -0.025 -0.022 -0.006 0.022 -0.001 -0.045 -0.004

t2 -0.030 -0.062 -0.076 -0.014 -0.017 0.001 0.023 -0.001 0.045 -0.001

t3 -0.031 -0.079 -0.074 -0.030 -0.012 0.003 0.019 -0.001 -0.099 -0.003

t4 -0.013 -0.041 -0.059 -0.045 -0.038 0.015 -0.007 -0.008 -0.034 0.021

t5 -0.022 -0.033 -0.077 -0.038 -0.001 0.020 0.031 0.009 -0.035 0.012

t6 -0.043 -0.056 -0.062 -0.007 -0.009 0.015 0.033 0.015 -0.030 0.000

Table 6.1: Table of the velocity measurements Vi(tk) of the air flow in the
experimental box. The unit of the velocity measurements Vi(tk) is m/s, and
the time interval between two measuring cycles is 4t = tk+1 − tk = 20 s.
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(c) 1st temperature deviation M T̂ (1)′
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(d) 1st interpolated temperature de-
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(e) 1st temperature reconstruction T̃ (1)′

Figure 6.7: Graphs showing the 1st step for iteratively reconstructing tem-
perature distribution T (x, y). Graph (a) shows the sub-geometry 1, (b) the
1st mean temperature T̄ (1)′ , (c) the 1st reconstructed temperature deviation
M T̂ (1)′ , (d) the 1st interpolated temperature deviation M T̃ (1)′ , (e) the 1st

reconstructed temperature distribution T̃ (1)′ = T̄ ′+ M T̃ (1)′ with a mean re-
construction error ε̄(1)′ = 0.0039 � .
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(b) 1st reconstruction T̃ (1)′
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(c) 2nd temperature deviation M T̂ (2)′

0
0.1

0.2
0.3

0.4

0

0.2

0.4

0

10

20

30

X

Y

T 
[o C

]

(d) 2nd interpolated deviation M T̃ (2)′
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Figure 6.8: Graphs showing the 2nd step for iteratively reconstructing tem-
perature distribution T (x, y). Graph (a) shows the sub-geometry 2, (b) the
1st reconstructed temperature distribution T̃ (1)′ , (c) the 2nd reconstructed
temperature deviation M T̂ (2)′ , (d) the 2nd interpolated temperature deviation
M T̃ (2)′ , (e) the 2nd reconstructed temperature distribution T̃ (2)′ = T̃ (1)′+ M

T̃ (2)′ with a mean reconstruction error ε̄(2)′ = 0.0021 � .
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(b) 2nd reconstruction T̃ (2)′
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(c) 3rd temperature deviation M T̂ (3)′
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(d) 3rd interpolated deviation M T̃ (3)′
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(e) 3rd temperature reconstruction T̃ (3)′

Figure 6.9: Graphs showing the third (final) step for iteratively reconstruct-
ing temperature distribution T (x, y). Graph (a) shows the sub-geometry 3,
(b) the second reconstructed temperature distribution T̃ (2)′ , (c) the 3rd re-
constructed temperature deviation M T̂ (3)′ , (d) the third interpolated tem-
perature deviation M T̃ (3)′ , (e) the 3rd (final) reconstructed temperature dis-
tribution T̃ ′ = T̃ (3)′ = T̃ (2)′+ M T̃ (3)′ with a mean reconstruction error
ε̄(3)′ = 0.0023 � .
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Figure 6.10: Graph showing the measurement geometry for reconstructing
the air flow field in an experimental box, where u(x, y, t), 0 ≤ x, y ≤ 0.5m,
is the horizontal air flow field in the box generated by a fan. The measure-
ment geometry consists of 5 horizontal and 5 vertical measurement strips
with a width of 0.025m, and τ i are the unit vectors tangent to the measure-
ment lines AiBi. Within a measuring cycle of 20 seconds, the flow velocity
components Vi = u ·τ i tangent to the measurement lines AiBi are measured
in turn.

6.3.2 Mathematical model

Assume that u(x, y, tk), 0 ≤ x, y ≤ 0.5, is the unknown 2D air flow ve-
locity field on the horizontal plane of the experimental box at time tk, and
{Vi(tk)|i = 1, 2, ..., 10} are the measurements of the flow velocity components
tangent to the measurement lines AiBi as shown in Figure 6.11.

The flow velocity field u(x, y, tk) along each measurement line AiBi sat-
isfies,

1

li

∫ Bi

Ai

u(x, y, tk) · τ ids = Vi, (6.4)

where li is the length of the measurement line AiBi and τ i is the unit vector
tangent to the line AiBi.

Using the vector field reconstruction algorithm introduced in Section
5.3.1, we obtain a preliminary reconstruction of the flow field,

û(x, y, tk) = ū(x, y, tk) +
10

∑

i=1

ξi1Si

2rli
τ i, (6.5)
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where ū(x, y, tk) is the prediction of u(x, y, tk) calculated from the mea-
surements Vi(tk), Si are the measurement strips corresponding to the lines
AiBi, τ i are the unit vectors tangent to the lines AiBi, 2r is the width of
the strips Si, li are the lengths of the strips Si, 1Si

are the characteristic
functions defined in (5.17), and ξ are the coefficients of 1Si

.
Afterwards, we sample the values of û(x, y, tk) at the intersections of the

measurement lines, and use the biharmonic spline interpolation algorithm to
obtain a smooth flow field ũ(x, y, tk) as the final reconstruction of u(x, y, tk).

Similar to the case of the temperature reconstruction, the actual flow
field u(x, y, tk) in the experimental box is unknown, so one cannot evaluate
the accuracy of the reconstructed flow field ũ(x, y, tk) directly. However,
with the reconstruction ũ(x, y, tk), one can calculate the mean of the flow

velocity projected on each measurement line as V ′
i (tk) =

1

li

∫ Bi

Ai

u(x, y, tk) ·

τ ids, and then compare them with the original measurements Vi(tk). Thus,
the mean error of the reconstructed flow field ũ(x, y, tk) is defined by

ε̄k =
1

N

(

N
∑

i=1

|Vi(tk) − Vi(tk)|
2
) 1

2 . (6.6)

6.3.3 Experiment results

In fact, the air flow field u(x, t) is continuous in time. However, in practice,
the acoustic measurements Vi(tk) are collected at discrete time points, con-
sequently, the reconstructed flow field ũ(x, tk) is not continuous in time. In
order to reduce the time discontinuity of the reconstruction results ũ(x, tk),
we use a time iteration algorithm to combine the information of the mea-
surements from the different measuring cycles Vi(tk).

The steps of reconstructing the flow field ũ(x, tk) by means of iteration
are the following,

� Step 1

Based on the measurements Vi(t1), i = 1, 2, ..., 10, we calculate the ini-
tial prediction ū(x, t1) of the flow field at time t1. Afterwards, the de-
viation 4Vi(t1) of each measurement Vi(t1) is calculated with respect
to the prediction ū(x, t1). By using the vector field reconstruction al-
gorithm as well as the biharmonic spline interpolation algorithm, we
reconstruct a smooth flow field deviation 4ũ(x, t1) from the measure-
ment deviations 4Vi(t1). After that, we add 4ũ(x, t1) to ū(x, t1) and
thus obtain the reconstruction of the air flow field at time t1,

ũ(x, t1) = ū(x, t1) + 4ũ(x, t1).

� Step 2
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Use the previous reconstruction ũ(x, t1) as the prediction of the flow
field at time t2. Then calculate the the measurement deviation 4Vi(t2)
of each measurement Vi(t2) with respect to the prediction ũ(x, t1).
With the measurement deviations 4Vi(t2), reconstruct the air flow
deviation 4ũ(x, t2) and then add the flow deviation to the previous
reconstruction ũ(x, t1). Thus, the reconstruction of the air flow field
at time t2 is obtained as,

ũ(x, t2) = ũ(x, t1) + 4ũ(x, t2).

...

� Step k+1

Based on the previous reconstruction ũ(x, tk), we repeat the same
procedure to obtain

ũ(x, tk+1) = ũ(x, tk) + 4ũ(x, tk+1).

The reconstruction results of the time dependent air flow field in the
experimental box are shown in Figure 6.11 (a)-(f).

Figure 6.11(a) shows the air flow field ũ(x, t1) reconstructed from the
acoustic measurements collected at time t = t1, which has a mean flow speed
|u1| = 0.0432 m/s. The mean of the reconstruction error ε̄1, defined in for-
mula (6.6), is equal to 0.0022 m/s. Based on the first reconstruction ũ(x, t1),
the air flow field ũ(x, t2) was reconstructed from the acoustic measurements
collected at time t = t2 , which has a mean flow speed |u2| = 0.0447 m/s
and a mean reconstruction error ε̄2 = 0.0006 m/s. Similarly, the air flow
field ũ(x, t3) at time t = t3 was reconstructed and shown in Figure 6.11(c),
which has a mean speed |u3| = 0.0576 m/s and a mean reconstruction error
ε̄3 = 0.0023 m/s; the reconstructed air flow field ũ(x, t4), with a mean flow
speed |u4| = 0.0501 m/s and a mean error ε̄4 = 0.0022 m/s, was shown in
Figure 6.11(d); the reconstructed air flow field ũ(x, t5), with a mean flow
speed |u5| = 0.0440 m/s and a mean error ε̄5 = 0.0025 m/s, was shown in
Figure 6.11(e); the reconstructed air flow field ũ(x, t6), with a mean flow
speed |u6| = 0.0430 m/s and a mean error ε̄6 = 0.0034 m/s, was shown in
Figure 6.11(f).

Compared with the average flow speeds ε̄i, ranging from 0.0430 m/s to
0.0576 m/s, the average reconstruction errors ε̄i, ranging from 0.0006 m/s
to 0.0034 m/s, are as small as to be acceptable.

6.4 Conclusions

In this chapter, we presented the validation experiments carried out in an
experimental global measurement system, by which we validated the the
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Figure 6.11: Graphs presenting the reconstructed air flow ũ(x, ti) in the ex-
perimental box. Graph (a) shows the reconstructed air flow field ũ(x, t1) with
a mean speed |u1| = 0.0432 m/s, (b) the reconstructed air flow field ũ(x, t2)
with |u2| = 0.0447 m/s, (c) the reconstructed air flow field ũ(x, t3) with
|u3| = 0.0576 m/s, graph (d) showing the reconstructed air flow field ũ(x, t4)
with |u4| = 0.0501 m/s, (e) the reconstructed air flow field ũ(x, t5) with
|u5| = 0.0440 m/s, and (f) shows the reconstructed air flow field ũ(x, t6)
with a mean speed |u6| = 0.0430 m/s.
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reconstruction methods, as described in Chapter 4 and 5, for reconstructing
both temperature and air flow fields.

In the experiments for temperature distribution reconstruction, 28 line
measurements of temperature were carried out in the global measurement
system. Dividing the non-uniformly spaced geometry of measurement lines
into couples of uniformly spaced sub-geometries and using the scalar field
reconstruction algorithm iteratively, the 2D temperature distribution in a
horizontal plane in the experimental box was reconstructed. The mean
temperature reconstruction error was 0.0023� , which was acceptable for
practical applications. Validation experiments showed that the iterative
reconstruction algorithm performed much better than the reconstruction
algorithm based on the full geometry of measurement lines.

In the experiment for validating the flow field reconstruction method, a
time series of real time line measurements of flow velocity were obtained from
the same global measurement system as used for temperature measurements,
but in a different climate condition. Using the vector field reconstruction
algorithm but combined with a time iteration, a time series of 2D real time
flow fields were obtained. Taking into account an average flow velocity of
0.0471 m/s, the mean reconstruction error of 0.0022 m/s was acceptable.
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Chapter 7

Practical implementations

7.1 Introduction

This chapter presents the results of implementations of the acoustic mea-
suring techniques in practical environments.

In the first implementation, the goal was to reconstruct the temperature
distribution in a horizontal plane on the basis of the line measurements of
temperature obtained from the global acoustic measurement system. This
implementation was carried out in a greenhouse located in Elshout, The
Netherlands. The measurement region was a 42 m × 42 m square on a
horizontal plane, which was 2.5 m above the ground. With only five speak-
ers and five microphones mounted on the boundaries of the region, 24 line
measurements of temperature were obtained one by one. During the mea-
surement period of five and a half days, the whole cycle of temperature
measurements was updated every four minutes. After that, a low-pass fil-
ter was applied in order to get rid the noise in the raw measurements. On
the basis of the preprocessed measurements of temperature, a 2D real time
temperature distribution in the measurement region was reconstructed by
applying an iterative reconstruction algorithm. The reconstructed temper-
ature distribution was visualized by a colour map or a contour plot. Apart
from the acoustic measurements, a reference local temperature was obtained
by using an independent measuring device. The reconstructed temperature
distribution and the reference temperature showed an accurate match.

The second implementation was carried out at a company that produces
air curtains for public buildings, such as shops, hotels, banks, etc. The
goal of this measurement was to reconstruct the temperature distribution
and the flow field in a three-dimensional space within an air curtain. To
achieve this goal, the local measurement system, 3D EnoTemp sensor, was
used to measure the local temperature and air flow velocity at the nodes of
a 3D measurement grid. Thereafter, a 3D temperature distribution and a
flow field were reconstructed, and the reconstruction results were visualized

117



118 CHAPTER 7. PRACTICAL IMPLEMENTATIONS

graphically. Furthermore, the heat flux in the 3D space was calculated on
the basis of the reconstructions of temperature and flow velocity fields.

7.2 Implementation in a greenhouse

7.2.1 Global measurements

In the first implementation, a two-dimensional temperature distribution in
a greenhouse was reconstructed from the line measurements of temperature
obtained from the global measurement system. As shown in Figure 7.1, five
speakers and five microphones were mounted at the edges of a 42 m× 42 m
horizontal square region, which was 2.5 meters above the ground.
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Figure 7.1: Graph showing the measurement geometry of an acoustic measur-
ing system applied in a greenhouse. Five speakers (si) and five microphones
(mj) were mounted at the boundaries of a horizontal square region in the
greenhouse. The sound signal emitted from each speaker was received by all
the microphones, such that 25 measurement lines were obtained.

In practice, sound signals only can be received by the microphones cov-
ered by the signal. Because the beam angles of low frequency signals are
wider than those of high frequency signals, a low frequency signal covers a
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larger area than a high frequency signal does in the same situation. This
means that one obtains more measurements by low frequency signals in a
global acoustic measurement system. This was the reason that we used a
sound signal with a low frequency from 400 Hz up to 4 kHz. The sound
signal emitted from each speaker was received by all the microphones. The-
oretically, the measurement geometry with 5 speakers and 5 microphones
had 25 measurement lines.

This local measurement system was applied in the greenhouse from 9:30
am, August the 9th, 2002 to 12:00 am, August the 14th, 2002. During that
period, the average temperatures along the measurement lines were mea-
sured one by one, and each cycle of measurements was updated every 4
minutes. Meanwhile, a reference temperature was measured in the mid-
dle of the square region but 0.5 meters above the ground. This reference
temperature was used to validate the temperature reconstruction result.

Due to some obstructions in the greenhouse, one microphone could not
receive the signal from one speaker. Consequently, one set of temperature
measurements was missed, so that only 24 complete sets of temperature
measurements remained. During the measurement time, disturbances from
the surroundings of the greenhouse caused random noise in the temperature
measurements. This noise should be filtered out before the raw measure-
ments can be used to reconstruct an accurate temperature distribution.

We applied a low-pass filter to get rid of such noise. The filtering pro-
cess is shown in Figure 7.2. As shown in the figure, the temperature changes
periodically during the measurement period of five and a half days. At day-
time, some spikes occurred in the temperature measurements, which were
caused by environmental noise. At night time, the environmental noise was
not present. To get rid of the noisy spikes, firstly the raw temperature mea-
surements were filtered with a low-pass filter. After that, the 1st filtered
measurements, shown in Figure 7.2(b), were subtracted from the raw mea-
surements. The difference is shown 7.2(c). If the temperature difference at
an instant is larger than the the threshold, for instance 3 � , we concluded
that the raw measurement at that instant was wrong, and the previous tem-
perature measurement was used to replace the wrong measurement. After
getting rid of the spikes, the temperature measurements were filtered with
the low-pass filter once more. Finally, the set of filtered temperature mea-
surements was obtained as shown in 7.2(d).

7.2.2 Mathematical model

During the measurement period, the whole cycle of temperature measure-
ments was updated every 4 minutes, so that for each measurement line,
1570 temperature measurements were collected in total. The time indices
of measurements are denoted by {t0, t1, t2, ..., t1569}. With the obtained 24
sets of time-series measurements of temperature, we needed to reconstruct
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Figure 7.2: Graphs showing an example of filtering random noise from the
acoustic temperature measurements in a greenhouse. Graph (a) shows a
set of raw temperature measurements corresponding to a measurement line,
which was collected in five and a half days, (b) the 1st filtered measure-
ments, (c) the difference between the raw measurements and the 1st filtered
measurements, and (d) shows the 2nd filtered measurements.

a real time 2D temperature distribution T (x, ti) on the whole measurement
region in the greenhouse.

First, with the temperature measurements at the measuring cycle ti,
we use the temperature reconstruction model introduced in Section 4 to
reconstruct a time independent temperature distribution

Ti(x) = T̄i + 4Ti(x), (i = 0, 1, 2, ..., 1569),
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where T̄i(x) is the mean of temperature measurements at time ti, and 4Ti(x)
is the reconstructed deviation according to the mean temperature T̄i(x).

Thus one obtains a series of independently reconstructed temperatures:

T0(x) = T̄0+ M T0(x),

T1(x) = T̄1+ M T1(x),

T2(x) = T̄2+ M T2(x),

...

TN (x) = T̄N (x)+ M TN (x).

To reduce the time discontinuity of the reconstructed temperature dis-
tribution Ti(x), we apply a time iterative algorithm as follows.

At time t0, T (x, t0) = T0(x) is taken as the real time reconstruction
of temperature distribution. At time ti (i > 0), the combination T (x, ti) =
p·T (x, ti−1)+q ·Ti(x) is taken as the real time reconstruction of temperature
distribution, where 0 ≤ p, q ≤ 1, p + q = 1, p is the weight of the previous
reconstruction, T (x, ti−1), and q is the weight of the present reconstruction,
Ti(x).

Thus, a series of reconstructed real time temperature distributions T (ti)(x)
was obtained,

T (x, t0) = T0(x),

T (x, t1) = p · T (x, t0) + q · T1(x)

= p · T0(x) + q · T1(x),

T (x, t2) = p · T (x, t1) + q · T2(x)

= p2 · T0 + pq · T1(x) + q · T2(x),

T (x, t3) = p · T (x, t2) + q · T3(x)

= p3 · T0(x) + p2q · T1(x) + pq · T2(x) + q · T3(x),

...

T (x, tN ) = p · T (x, tN−1) + q · TN (x)

= pN · T0(x) + pN−1q · T1(x) + ... + pq · TN−1(x) + q · TN (x),

In general, we suggest to take q larger than p, such that the contribution
to the outcome from the present measurements is larger than the contribu-
tion from the previous ones. Thus, the reconstructed real time temperature
distribution T (x, ti) sensitively reflects the temperature change in time.

In this implementation, we took p =
1

4
and q =

3

4
. It leads to the
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iterative formula as

T (x, ti) =
1

4
· T (x, ti−1) +

3

4
· Ti(x)

=(
1

4
)i · T0(x) + (

1

4
)i−1 3

4
· T1(x) + (

1

4
)i−2 3

4
· T2(x) + ...

+
1

4
·
3

4
· Ti−1(x) +

3

4
· Ti(x).

In practice, the values of p and q are determined by the length of the time
step and how much the temperature changes at each step.

7.2.3 Implementation results

Based on the iterative temperature reconstruction method, we applied the
Matlab graphic user interface (GUI) builder to develop a user friendly soft-
ware package for practical applications, see Figure 7.3. With the graphic
user interface, the user can select a specific measurement geometry consist-
ing of couples of measurement lines, then apply the iterative reconstruction
method to reconstruct a 2D real time temperature distribution according to
the obtained acoustic measurements of temperature.

Figure 7.3 (a) shows such a measurement geometry, Measurement Ge-
ometry 1, which consists of 7 measurement lines in the greenhouse. Figure
7.3 (b) shows the corresponding reconstruction result of the temperature
distribution, Reconstruction 1. The reconstructed 2D real time tempera-
ture distribution at a time instant is displayed by the colour map in the top
frame in Figure 7.3 (b), which reflects the spatial temperature distribution.
The average spatial temperature of the whole measurement region is indi-
cated by the curve in the bottom frame. The curve describes the average
spatial temperature changing over the full duration of the measurements.

Figure 7.3 (c) shows another measurement geometry, Measurement Ge-
ometry 2, which consists of 12 measurement lines. Figure 7.3 (d) shows the
corresponding temperature reconstruction result: Reconstruction 2. Com-
paring the results of the two reconstructions, Reconstruction 2 contains more
details of temperature spatial distribution than Reconstruction 1 does. The
average temperature of Reconstruction 2 changes similarly in time to the
average temperature of Reconstruction 1.

To show the temperature distribution in the greenhouse as a function
of time, we reconstructed the 2D temperature distributions as well as the
corresponding temperature contour lines at three different time instances:
one in the morning, one in the afternoon and one at night. Figure 7.4 (a)
shows the reconstructed 2D temperature distribution in the greenhouse in
the morning, where the temperature ranges from 23� to 30� . Figure 7.4
(b) shows the temperature contour map in the greenhouse corresponding to
the temperature distribution shown in Figure 7.4 (a), where the tempera-
ture is constant along each contour line. Figure 7.4 (c) and (d) show the
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(a) Measurement Geometry 1 (b) Reconstruction 1

(c) Measurement Geometry 2 (d) Reconstruction 2

Figure 7.3: Graph showing the real time 2D temperature distribution recon-
struction in a greenhouse. Graph (a) shows Measurement Geometry 1, con-
sisting of 7 measurement lines, on a 42m× 42m horizontal square region in
a greenhouse, (b) shows the temperature reconstruction results corresponding
to Measurement Geometry 1, the reconstructed real time temperature distri-
bution on the 2D measurement region is displayed by a colour map in the top
frame, the average temperature changing in time is shown by a curve in the
bottom frame, (c) Measurement Geometry 2 consisting of 12 measurement
lines, and (d) shows the temperature reconstruction results corresponding to
Measurement Geometry 2.

reconstructed temperature distribution and contour lines in the afternoon,
where the temperature ranges from 26� to 33 � . Figure 7.4 (e) and (f)
show the reconstructed temperature distribution and contour lines at night,
respectively, where the temperature ranges from 21 � to 28� .

Because the real temperature distribution in the greenhouse is unknown,
we could not validate the results of temperature distribution reconstruction
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(c) Distribution in the afternoon
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Figure 7.4: Graphs showing the reconstructed 2D temperature distributions
and the corresponding temperature contours in the greenhouse at different
times of a day. Graph (a), (c), (d) show the temperature distributions in the
morning, in the afternoon, and at night, respectively; graph (b), (e), (f) show
the corresponding temperature contours in the morning, in the afternoon,
and at night.
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Figure 7.5: Graph showing two sets of measurements of temperature in the
greenhouse. The solid curve presents the reference temperature measured in
the middle of the greenhouse, at 0.5 m meters above the ground; the dashed
curve presents the point temperature in the middle of the temperature distri-
bution reconstructed from the acoustic measurements, which were measured
in a horizontal plane 2.5 m above the ground.

directly. Therefore, simultaneously to the collection of acoustic measure-
ments, with an independent device, a reference temperature was measured
in the middle of the greenhouse. We extracted the local temperature at
the same location in Reconstructed 2. Thus, we were able to validate the
reconstruction results with the reference temperature measurement.

In Figure 7.5, the solid curve presents the reference temperature mea-
surements collected in the middle of the greenhouse during five and a half
days. The reference temperature was measured 0.5 m above the ground.
The dashed curve presents the corresponding local temperature at the same
location in Reconstruction 2. The acoustic measurements of temperature
were taken in a horizontal plane 2.5 m above the ground. There was a
difference of 2 m in altitude between the location of the reference measure-
ments and the acoustic measurements. This is reflected by the two curves
of temperature measurements, which show an almost constant difference of
about 5 � . This difference is due to the vertical temperature gradient in the
greenhouse. Except for that difference, the corresponding local temperature
in Reconstruction 2 matches the reference temperature measurement very
well.
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7.3 Implementation in an air curtain

7.3.1 Local measurements

The second implementation was carried out at a company that produces
air curtains. Use of air curtains is popular at the entrance of a public
building, such as a shop or a hotel, for indoor temperature control. In order
to be able to save the energy consumption and to increase the separation
quality of their air curtains, Supair wished to gain further insight in the
air curtain. To this purpose, the temperature distribution and flow field
in an air curtain needed to be visualized under different conditions, such
as different speeds of the air blown in, different air flow directions, and
different air temperatures. To obtain the information for reconstructing the
temperature distribution and flow field in a 3D region, we used the local
acoustic measurement system, a 3D EnoTemp sensor with a frame length
of 0.5 m, to simultaneously measure the local temperature and flow velocity
position by position.

The measurements were carried out at a door opening with a width of
2 m and a height of 2.5 m, see Figure 7.6. We chose a (x, y, z) Euclidean
coordinate system in the following way: Looking from the outside of the
door opening to the inside, the origin is at the bottom-right corner of the
door opening; the positive x-direction is from the outside to the inside; the
positive y-direction from left-side to right-side; the positive z-direction from
bottom to top.

At the top of the door opening, a casing containing four electro fans
and heat exchange pipes is mounted. The cold air is sucked into the box
from the inlets on both the outside and inside of the door opening, and then
heated up by exchange of heat with hot water flowing through the pipes.
Afterwards, the warm air is blown from the outlet, a slot with a length of
2 m and a width of 0.2 m, vertically down to the floor. Thus, a curtain of
warm air with a width of 2 m and a height of 2.5 m is created to prevent
the cold air going from the outside to the inside.

The measurement positions, determined by xi = −1,−0.5,−0.25, 0, 0.25,
0.5, 1 m; yj = 0, 0.5, 1, 1.5, 2 m; zk = 0, 0.5, 1.5, 2, 2.5 m, establish a mea-
surement position grid as shown in Figure 7.6. At each node of the mea-
surement position grid, three local temperatures, T (x), T (y), T (z), and three
flow velocity components, ux, uy, uz, were simultaneously measured during
40 seconds. The sampling frequency of the measurements was 0.5 Hz, such
that 20 measurements of temperature and flow velocity were obtained at
each position.

Figure 7.7 (a) and (b) show the measurements of the temperature, T (x)(x0),
T (y)(x0), T (z)(x0), and the flow velocity components, ux(x0), uy(x0), uz(x0),
which were measured at the position of x0 = (0.25, 1.5, 1.5). Figure
7.8 shows the spatial distribution of the air flow velocities corresponding
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Figure 7.6: Graph showing the measurement geometry of temperature and
flow velocity in an air curtain. The door opening (x = 0), where the air cur-
tain was mounted, has a width of 2 meters and a height of 2.5 meters. The
air was blown from the top of the door opening (x = 0 and z = 2.5) vertically
down to the floor (z = 0). When the air flow reaches the floor, it divides into
two parts: one part going inside (+x-direction) and another one going out-
side (-x-direction). The local temperature and flow velocity in the 3D region
(−1 ≤ x ≤ 1; 0 ≤ y ≤ 2; 0 ≤ z ≤ 2.5) were measured with a 3D EnoTemp
sensor one by one at the positions of xi = −1,−0.5,−0.25, 0, 0.25, 0.5, 1 m;
yj = 0, 0.5, 1, 1.5, 2 m; zk = 0, 0.5, 1.5, 2, 2.5 m.

to the flow velocity measurements in Figure 7.7 (b). The averages of the
temperature measurements are T̄ (x)(x0) = 26.5� , T̄ (y)(x0) = 33.5 � , and
T̄ (z)(x0) = 31.6� ; the corresponding standard deviations are 4T (x)(x0) =
1.5 � , 4T (y)(x0) = 1.2 � , 4T (z)(x0) = 1.8� . The averages of the flow
velocity measurements are ūx(x0) = 0.31 m/s, ūy(x0) = 0.26 m/s and
ūz(x0) = −2.47 m/s; the corresponding standard deviations are 4ux(x0) =
0.18 m/s, 4uy(x0) = 0.13 m/s and 4uz(x0) = 0.22 m/s.

The temperature measurements obtained from the 3D EnoTemp sensor
are the average temperatures along the frames of the sensor. If one takes the
average temperature as the point temperature at the middle of the frame,
there is always an offset between the average temperature and the point tem-
perature, especially when the temperature gradient is nonlinear along the
frame. In the case of the air curtain, the temperature gradient in y-direction
is smaller and more uniform than the temperature gradients in x-direction
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Figure 7.7: Graphs showing the acoustic measurements of temperature and
air flow velocity at the point x0 = (0.25, 1.5, 1.5) underneath an air curtain.
Graph (a) shows three sets of temperature measurements, T (x), T (y), T (z),
which were simultaneously measured along the three orthogonal frames of the
3D EnoTemp sensor. Graph (b) shows the corresponding measurements of
flow velocity components, ux, uy and uz.

and z-direction. As a consequence, we took the average temperature

T̄ (x0) = T̄ (y)(x0) = 33.5 � (7.1)

as the local temperature at the position of x0.
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Figure 7.8: Graphs showing the spatial distribution of the acoustic measure-
ments of the air flow velocity at the point x0 = (0.25, 1.5, 1.5) underneath
an air curtain. Graph (a) shows the spatial distribution of the measurements
of flow velocity u(x0), which are indicated by arrows; graph (b)-(d) show the
spatial distribution of the projections of u(x0) on X-Y plane, X-Z plane and
Y-Z plane.

The flow velocity component measurements, ux, uy, uz, of the 3D EnoTemp
sensor have been calibrated by the means introduced in Chapter 3, so that
we took

ū(x0) = (ūx(x0), ūy(x0), ūz(x0)) = (0.31, 0.26,−2.47) m/s

as the local flow velocity at x0.

On the floor (z = 0), we could not use the 3D EnoTemp sensor to
measure the three components of the flow velocity. Therefore, we used a
2D EnoTemp sensor to obtain two average temperatures, T̄ (x) and T̄ (y),
and two flow velocity components, ūx and ūy. The z-component of the flow
velocity was zero on the floor z = 0. As a result, the local temperature at
the position on the plane z = 0 was T̄ = T̄ (y), and the local flow velocity on
the plane z = 0 was ū = (ūx, ūy, 0).

At each measurement position, about one minute was needed to adjust
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the measurement device and measure the temperature and flow velocity.
Consequently, it took 2-3 hours to collect all the measurements at 150 nodes
of the measurement position grid. We assumed that the temperature dis-
tribution and flow field were controlled such that both processes were sta-
tionary during the measurement period. By applying the biharmonic spline
interpolation algorithm introduced in Section 4.3.2, we reconstructed the
time-independent temperature distribution as well as the flow field in the
3D region within the air curtain from the obtained acoustic measurements
of temperature and flow velocity.

7.3.2 Implementation results

For the implementation in the air curtain, we especially developed a stand-
alone reconstruction tool for 3D temperature distributions and air flow fields
by using the Matlab graphic user interface (GUI) builder.

Figure 7.9 gives an impression of the user interface of the reconstruc-
tion tool. With the graphic interface, a user can easily load the data of
temperature and flow velocity measurements corresponding to a predeter-
mined measurement geometry as shown Figure 7.9 (a). After filtering the
noise from the raw measurements, the average temperature and flow velocity
components at the nodes of the measurement position grid are calculated.
By applying the embedded reconstruction algorithm, the 3D temperature
distribution and flow field are reconstructed and visualized in Figure 7.9 (b)
and (c).

In the air curtain visualized in Figure 7.9, namely air curtain in situa-
tion A, the air was blown downwards with an angle of 5o counterclockwise
between the air flow direction and the Y-Z plane. In Figure 7.9 (b), the
colour map indicates the speed of the air flow ranging from 0 m/s to 4 m/s,
and the curves with arrows indicate the streamlines of the air flow. In the
neighbourhood of the outlet of the air curtain, positioned at x = 0 and
z = 2.5, the speed of the air flow is highest. As shown Figure 7.9 (b), at the
plane y = 0, when the flow goes downwards, its speed decreases. When the
flow reaches the floor, it divides into two parts: one part going inside and
another one going outside. At the plane y = 0, the air flow stagnates in the
middle of the air curtain (x = 0) and at the floor (z = 0), having velocity
components ux = 0 and uz = 0.

In Figure 7.9 (c), the colour map indicates the air temperature ranging
from 5 � to 40 � , and the white curves in the colour map indicate the con-
tours of the temperature distribution. Apparently, in the neighbourhood of
the outlet of the air curtain, the temperature is highest, 30� − 40� ; in the
outdoor region determined by x-coordinate, x < −0.25, the temperature is
lowest, 5� − 10� ; in the indoor region, x > 0.25, we see that the tem-
perature has reached a desired value between 20 � and 22� . The maximal,
minimal, and mean values of temperature and flow speed in the 3D mea-
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Figure 7.9: Graphs showing the graphic user interface (GUI) of the recon-
struction tool for 3D temperature distribution and flow field in an air cur-
tain. With the interface, a user can easily load the data of temperature and
flow velocity measurements corresponding to a predetermined measurement
geometry. With embedded reconstruction algorithm, the 3D temperature dis-
tribution and flow field are reconstructed and visualized. Graph (a) shows the
measurement position grid in the 3D region ([−1 1]× [0 2]× [0 2.5]); graph
(b) shows the reconstructed 3D air flow field; graph (c) shows the recon-
structed 3D temperature distribution; the maximal, minimal, mean values
of temperature and flow speed in the measurement region are calculated and
displayed in the middle-right frame.
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surement region were outputted in the right-hand panel: max(T ) = 42.5 � ,
min(T ) = 5.0� , mean(T ) = 16.0� , max(|u|) = 3.49 m/s, min(|u|) =
0.11 m/s, mean(|u|) = 0.85 m/s.

Based on the reconstructed 3D flow field and temperature distribution,
the user can visualize the 2D flow field and temperature distribution at
any plane inside the measurement region. This is shown in Figure 7.10
for the plane x = 0.25. Figure 7.10 (a) shows the projected flow field
(0, uy(x), uz(x)) on the plane; Figure 7.10 (b), the flow velocity compo-
nent ux(x); Figure 7.10 (c), the 2D temperature distribution. The maxi-
mal, minimal, and mean values of temperature and flow speed at this plane
were outputted in the right-hand panel: max(T ) = 31.1 � , min(T ) = 6.4 � ,
max(T ) = 21.1 � , max(|u|) = 1.73 m/s, min(|u|) = 0.17 m/s, mean(|u|) =
0.79 m/s. The volume transfer rate of air through the plane was 1.09 m3/s,
the heat transfer rate through the plane was 369.3 kW .

Figure 7.10 (d) shows the mean flow speeds at the planes x = x0,
x0 = −1,−0.75,−0.5,−.25, 0, 0.25, 0.5, 0.75, 1. The curve of the mean speed
is mainly symmetrical with respect to the position x = 0. At the position
x = 0, the mean speed curve has a peak value of 1.8 m/s. From x = 0 to
x = 1 and from x = 0 to x = −1, the mean speed drops from 1.8 m/s to
0.5 m/s.

Figure 7.10 (e) shows the mean temperature at the planes x = x0 at the
same x-coordinates. From x = −1 to x = −0.25, the mean temperature
increases slowly from 6� to 11 � ; from x = −0.25 to x = 0, the mean
temperature shows a jump to its peak value of 24 � ; from x = 0 to x =
0.25, the mean temperature drops to 21� ; from x = 0.25 to x = 1, the
mean temperature remains constant, 21� . Figure 7.11 and 7.12 show
the reconstructed flow fields and temperature distributions at the planes of
x = −1, x = 0, x = 1 m; at the planes y = 0, y = 1, y = 2m; and at the
planes z = 0, z = 1.25, z = 2.5.

On the basis of the reconstructed air flow field u(x) = (ux(x), uy(x), uz(x))
and the temperature distribution T (x) in the 3D region, [−1, 1] × [0, 2] ×
[0, 2.5], we calculated the heat flux field q(x) = (qx(x), qy(x), qz(x)) accord-
ing to,

q(x) = −κ∇T (x) + ρcT (x)u(x), (7.2)

or


























qx(x) = −κ
∂T (x)

∂x
+ ρcT (x)ux(x)

qy(x) = −κ
∂T (x)

∂y
+ ρcT (x)uy(x)

qz(x) = −κ
∂T (x)

∂z
+ ρcT (x)uz(x).

(7.3)

Here the parameter κ is the thermal conductivity of air, ρ the density of
air, and c the heat capacity of air. In all calculations, we took the following
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Figure 7.10: Graphs showing the reconstruction of flow field and temperature
distribution at the plane x = 0.25 in the air curtain in situation A. Graph
(a) shows the projected flow field u(x) = (0, uy(x), uz(x)) on the plane;
graph (b) shows the flow velocity component ux(x); graph (c) shows the
temperature distribution; graph (d) shows the average flow speeds on the
planes of x = x0, − 1 ≤ x0 ≤ 1; graph (e) shows the mean temperature on
the planes of x = x0, − 1 ≤ x0 ≤ 1; the maximal, minimal, mean values of
temperature and flow speed, the volume transfer rate and heat transfer rate
with respect to the plane x = 0.25 are displayed in the middle-right frame.
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Figure 7.11: Graphs showing the reconstructed flow fields u(x) in the air
curtain in situation A. Top-left: 3D flow field in the 3D region ([−1 1] ×
[0 2] × [0 2.5]); top-right: 2D flow fields on the planes x = −1, 0, 1; bottom-
left: 2D flow fields on the planes y = 0, 1, 2; bottom-right: 2D flow fields on
the planes z = 0, 1.25, 2.5.

Figure 7.12: Graphs showing the reconstructed temperature distribution T (x)
in the air curtain in situation A. Top-left: 3D temperature distribution in the
3D region ([−1 1]× [0 2]× [0 2.5]); top-right: 2D temperature distributions
on the planes x = −1, 0, 1; bottom-left: 2D temperature distributions on the
planes y = 0, 1, 2; bottom-right: 2D temperature distributions on the planes
z = 0, 1.25, 2.5.
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values for the parameters: κ = 2.63 × 10−2 W/m · K, ρ = 1.1614 kg/m3,
and c = 1.007 kJ/kg.K, where the air temperature was fixed at 300 K or
27� , and the atmospheric pressure was fixed at 1.01 × 105Pa.

In equation (7.2), the term −κ∇T represents the heat conduction, and
the term ρcTu represents the heat convection. In the air curtain, the mod-
ule of the temperature gradient was small compared to the flow velocity.
Therefore, heat convection dominated heat transfer in the air curtain.

For instance, if we look at the position x0 = (0.25, 1.5, 1.5), the heat flux
was

q = (27.3,−110.5,−400.2) kW/m2,

the heat conduction term was

−κ∇T = (0.4, 0.2,−0.3) kW/m2,

and the heat convection term was

(ρcTux, ρcTuy, ρcTuz) = (26.9,−110.7,−399.9) kW/m2.

Compared to the heat convection term ρcTu, the heat conduction term
−κ∇T was negligible. As a consequence, the reconstructed heat flux field
q(x), as shown in Figure 7.13, is linearly dependent on the reconstructed
flow field u(x) as shown in Figure 7.11.

In order to investigate the behaviour of the air curtain in different con-
ditions, we changed the speed and the angle of the air blown in. In situation
A, the speed of the air blown in was 3.49 m/s, and the angle was 5o. In sit-
uation B, the speed was 5.53 m/s, and the angle was 3o. In both conditions,
the rate of the heat supply for the air curtain was the same. For two situa-
tions, we measured the temperature and the flow velocity according to the
same measurement position grid, and then reconstructed the flow field and
temperature distribution in the measurement region. The reconstruction re-
sult in situation A is shown in Figure 7.9-7.13, and the reconstruction results
in situation B is shown in Figure 7.14. With the visualized reconstructions
of temperature distribution and flow field, engineers from the air curtain
firm can easily evaluate the quality of the air curtain, and thus improve the
design.

To compare the results of the air curtain for situation A and B, we
visualized the flow filed and temperature distribution at the plane x = 0.5.
In Figure 7.15, graphs (a) and (b) show the flow field u(x) = (0, uy(x), uz(x))
at the plane x = 0.5 in situations A and B; graph (c) and (d) show the flow
velocity component ux(x) at the plane in two situations; graph (e) and (f)
show the temperature distribution T (x) at the plane in two situations.

For both situations of the air curtains, at the plane x = 0.5, the maximal,
minimal, and mean values of flow speed and temperature, the air volume
transfer rate, and the heat transfer rate were calculated. As presented in
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Figure 7.13: Graphs showing the reconstructed heat flux field q(x) in the
air curtain in situation A. Top-left: 3D heat flux field in the 3D region
([−1 1] × [0 2] × [0 2.5]); top-right: 2D heat flux fields on the planes x =
−1, 0, 1; bottom-left: 2D heat flux fields on the planes y = 0, 1, 2; bottom-
right: 2D heat flux fields on the planes z = 0, 1.25, 2.5.
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Figure 7.14: Graphs showing the reconstructed 3D flow field u(x) and tem-
perature distribution T (x) in the air curtain in situation B. Graph (a): 3D
reconstruction of flow field u(x), x ∈ [−1 1]× [0 2]× [0 2.5]; graph (b): 3D
reconstruction of temperature distribution T (x).
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Figure 7.15: Graphs showing the reconstructed flow field and temperature
distribution at the plane x = 0.5 in the air curtain in both situation A and
B. Graph (a) and (b) : the flow field u(x) = (0, uy(x), uz(x)); graph (c) and
(d) : the flow velocity component ux(x); graph (e) and (f) : the temperature
distribution T (x).
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Table 7.1, all these values for situation B are larger than the corresponding
values for situation A. Thus, we conclude that in one time unit a larger
volume of air and a greater amount of heat was going inside the plane
x = 0.5 for situation B than for situation A.

Situation A B

max(|u|) 1.95 [m/s] 2.77 [m/s]

min(|u|) 0.19 [m/s] 0.24 [m/s]

mean(|u|) 0.64 [m/s] 1.19 [m/s]

max(T ) 26.1 [� ] 31.1 [� ]

min(T ) 11.1 [� ] 15.2 [� ]

mean(T ) 21.0 [� ] 24.2 [� ]

Volume transfer rate 0.97 [m3/s] 1.63 [m3/s]

Heat transfer rate 326.0 [kW ] 561.1 [kW ]

Table 7.1: Table showing the the maximal, minimal, mean values of flow
speed and temperature on the plane x = 0.5; the air volume transfer rate,
and the heat transfer rate through the plane x = 0.5, in both situation A and
B.

We also calculated the average flow speed and temperature at the planes
x = x0, x0 = −1,−0.75,−0.5,−.25, 0, 0.25, 0.5, 0.75, 1., for both situations.
Figure 7.16 shows that the average indoor temperature in situation B was
higher than the average indoor temperature in situation A.

On the basis of the reconstructed temperature distribution and flow field,
we concluded that a higher speed and a smaller angle of the air blown in
yields a better separation quality and a higher heat efficiency. However,
there is a practical concern. If the speed of air is too high, the people
passing through the air curtain feel uncomfortable. Therefore, in the design
of an air curtain, engineers must balance separation quality, heat efficiency,
and degree of comfort.

7.4 Conclusions

In this chapter, we presented two practical implementations of the acous-
tic measurement techniques for reconstructing temperature distribution and
flow field. In the first implementation, a global acoustic measurement sys-
tem was applied for measuring global temperature in a greenhouse. On the
basis of 24 line measurements, a real time temperature distribution in a
42 m×42 m horizontal square in the greenhouse was reconstructed by using
the algorithm introduced in Chapter 4. The reconstructed temperature dis-
tribution has been visualized by a colour map and contour lines. Compared
to the reference point temperature measured with an independent device, the
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Figure 7.16: Graphs showing the average flow speeds and temperatures on
the planes x = x0, − 1 ≤ x0 ≤ 1 in the air curtain in situation A and B.
In graph (a), on the indoor planes x = x0 (x0 ≥ 0), the average speed in
situation B are higher than in situation A; In graph (b), on the indoor planes
x = x0 (x0 ≥ 0.25), the average temperature is about 24 � in situation B,
and about 21 � in situation A.

temperature at the same measurement position in the reconstructed tem-
perature distribution showed an accurate match. Implementation results
revealed that:

� the global acoustic measurement system is a practical and efficient
solution for time-dependent measurements of temperature and flow
velocity;

� use of low frequency sound signals enables one speaker to reach more



140 CHAPTER 7. PRACTICAL IMPLEMENTATIONS

microphones, thus more line measurements are obtained with fewer
speakers and microphones;

� low-pass filtering is useful to get rid of noise in the raw acoustic mea-
surements;

� a time iterative reconstruction algorithm is useful for reconstructing a
time continuous temperature distribution.

In the second implementation, a local acoustic measurement system,
3D EnoTemp sensor, was applied for measuring local temperature and flow
velocity in a 3D region with a size of 2 m × 2 m × 2.5 m within an air
curtain. According to a measurement position grid of 5 × 5 × 6 points,
20×150 point measurements of temperature and flow velocity were collected.
On the basis of the obtained measurements, we reconstructed the time-
independent flow field and the temperature distribution in the 3D region in
the air curtain by applying the biharmonic spline interpolation algorithm.
With the developed GUI reconstruction tool, we were able to visualize the
flow field and temperature distribution at any plane in the measurement
region. The heat flux field in the measurement region was calculated as being
the combination of heat conduction and heat convection. In comparison to
the reconstruction results of the air curtain in two conditions, the behaviour
of the air flow and heat flux in the air curtain were studied. The second
implementation leads to the following conclusions:

� the local acoustic measurement system is a practical and economic
solution for time-independent measurements of temperature and flow
velocity;

� the biharmonic spline interpolation algorithm is capable of recon-
structing the flow field and temperature distribution from the local
measurements in 3D space.

� A graphic user interface built with Matlab GUI builder is convenient
for visualizing the reconstructed flow field and temperature distribu-
tion.

Compared to the global measurement system, the local measurement
system is more accurate for extracting local information of temperature and
flow velocity. For a small size measurement region in a stationary environ-
ment, the local measurement system is a practical solution. However, the
local measurement system cannot collect all the measurements simultane-
ously, so it is not suitable for measuring time-varying temperature and flow
velocity in a large region. For a large size measurement region in an un-
steady environment, the optimal solution is to use a global measurement
system combined with a couple of local measurement sensors. The global
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measurement system extracts the global information of temperature and
flow velocity in the entire measurement region at real time. In additional to
the global measurements, the local measurement sensors are used to mea-
sure accurately local temperature and flow velocity at essential positions
in the measurement region. Combining the global measurements and local
measurements, an accurate real time flow field and temperature distribution
is reconstructed in a large size domain.



142 CHAPTER 7. PRACTICAL IMPLEMENTATIONS



Chapter 8

Conclusions and

recommendations

8.1 Introduction

The research on acoustic techniques for temperature and flow velocity mea-
surements presented in this thesis was assigned by and carried out at In-
novation Handling B.V. in Eindhoven, The Netherlands. The main goal of
the research was to improve the acoustic measurement system for simulta-
neously measuring temperature and flow velocity, and to design and develop
a reconstruction tool for the temperature distribution and air flow field in
a 3D measurement region. In this chapter, we summarize the main con-
clusions obtained in our research and present recommendations for future
development.

8.2 Conclusions

On the basis of the results of the research presented in this thesis, we draw
the following conclusions:

� The acoustic measuring techniques are a novel approach for calculating
both temperature and flow velocity in a medium by means of measur-
ing the transmission speed of sound signals. Compared to the classical
temperature or flow velocity measuring methods, acoustic measuring
techniques have a number of advantages:

– temperature and flow velocity are obtained simultaneously;

– real time measurements with a short response time;

– a “non-invasive technique” without direct contact with the medium
to be measured.
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� The propagating speed of the sound in still air is an outcome of com-
plex interactions of air characteristics as temperature, pressure, hu-
midity and CO2 concentration. If all other air characteristics are
known, in still air the temperature can be calculated from the mea-
surement of the sound speed along the trajectory. If the air is not
still, the sound speed should be measured in two opposite directions.
The air temperature can be calculated from the average of the sound
speeds, and the air flow speed from the difference of the sound speeds.

� For measuring propagating speed of the sound, a damped sinusoidal
reference signal, Ae−Bt sin(2πft), with frequency f , damping coeffi-
cient B, and intensity A, is the optimal choice for determining the
transmission time of the sound signal. By a low-pass filter, the trans-
mission time measurements are cleaned from noise. With a correlation
algorithm, the arrival time of the signal can be determined accurately.
With a sound trajectory of 1 m and a sampling frequency of 100 MHz,
theoretically, a 1D acoustic sensor is able to measure the flow speed
with a resolution of 1 mm/s and to measure the temperature with a
resolution of 0.01 � .

� To compensate for the obstruction effects of the acoustic sensor on the
air flow velocity, the acoustic measurements of flow velocity should be
calibrated with respect to accurate reference measurements. In both
high velocity ranges (0.5 m/s − 10 m/s) and low velocity ranges
(0 m/s − 0.01 m/s), with a linear function the acoustic measure-
ments of flow velocity were calibrated keeping the error within the
desired limit. The coefficients of the calibration function are charac-
teristic parameters of the acoustic sensor at hand, which vary with
the mechanical structure and the sound trajectory length of the sen-
sor. For a 1D acoustic sensor, if the flow direction is known, a function
of two variables is determined to calibrate the flow velocity accurately.
For a 3D acoustic sensor, if the flow direction is unknown, an itera-
tive function depending on speed and angle is used to determine both
the magnitude and direction of flow velocity. Experimental results
revealed that the acoustic measurements of flow velocity are indepen-
dent of air temperature. With a calibrated 1D acoustic sensor with
a sound trajectory length of 1 m, the flow velocity can be measured
within an inaccuracy of 2 mm/s.

� For reconstructing scalar fields from the point measurements, a bihar-
monic spline interpolation is a powerful tool for finding a smooth scalar
field that passes through the obtained point measurements. As one of
its advantages, the biharmonic spline interpolation does not require
data points to be regularly spaced, so that the measurement grid is
flexible. For reconstructing scalar fields from the line measurements,



8.2. CONCLUSIONS 145

first, a modified tomography algorithm based on the solution of a stan-
dard minimum norm problem is used to transfer the line measurements
into point measurements. After that, the same interpolation is applied
to obtain a smooth scalar field from the transferred point measure-
ments. Two-dimensional numerical simulations have validated that
with this reconstruction model an accurate scalar field from a small
set of line measurements can be reconstructed successfully. Simulation
results showed that the reconstruction accuracy is related to the geom-
etry of measurement lines and the gradient of the original scalar field.
In principle, more measurement lines extract more information from
the original field, hence result in more accurate reconstruction. The
larger gradient the original field has, the more measurement lines are
needed for extracting more detailed information. On the other hand,
with a fixed measurement grid, the smoother the original scalar field
is, the smaller the reconstruction error will be.

� For reconstructing vector fields from the point measurements, the same
interpolation algorithm as used for reconstructing scalar fields is ap-
plied for reconstructing the components of the vector field indepen-
dently from the components of local velocity measurements. On the
basis of line measurements, a modified vector tomography algorithm
is applied for transferring the line measurements of vector fields into
point measurements. After that, the same interpolation is used to
obtain a smooth vector field. Compared to the classical vector to-
mography algorithms, the reconstruction algorithm introduced in this
thesis needs less line measurements to obtain an accurate vector field.
As for the scalar case, the reconstruction accuracy of the vector field is
also related to the geometry of the measurement lines and the profile
of the original vector field. In general, more measurement lines ex-
tract more information from the original vector field, hence result in a
more accurate reconstruction. Not all vector fields can be successfully
reconstructed from the line measurements. For instance, if there is a
source or a sink in the vector field, the line measurements, extracting
the global information along the measurement lines, do not reflect the
local information of the source or sink. For extracting such local in-
formation, point measurements at the location of the source or sink
are needed.

� By experiments, we verified the reconstruction algorithm for both tem-
perature distribution and flow field. For temperature distribution, the
mean reconstruction error was 0.0023� , which was acceptable consid-
ering that the average temperature was 24.30 � . On the basis of exper-
iment results, we conclude that the iterative reconstruction algorithm
performed much better than the reconstruction algorithm based on
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the full geometry of measurement lines. For flow field, the vector field
reconstruction algorithm combined with a time iteration yielded a suc-
cessful reconstruction with a mean error of 0.0022 m/s. This outcome
was acceptable considering the average flow velocity of 0.0471 m/s.

� On the basis of the implementation results, we conclude that the acous-
tic measuring technique combined with the reconstruction algorithm
introduced in this thesis can be successfully applied in practice. For
time-dependent measurements of temperature and flow velocity in a
large region, the global measurement system is an efficient solution.
In the global measurement system, use of low frequency sound signals
allows for more line measurements with fewer speakers and micro-
phones. For a small measurement region in a stationary environment,
the local measurement system is a practical and economic solution.
Compared to the global measurement system, the local measurement
system is more accurate for extracting local information of tempera-
ture and flow velocity. However, the local measurement system cannot
collect all the measurements simultaneously, so it is not suitable for
measuring time-varying temperature and flow velocity in a large re-
gion. For the user of the reconstruction tool, a graphic interface is
convenient for visualizing the reconstruction results of the flow field
and temperature distribution.

8.3 Recommendations

For further design and development of the acoustic techniques for tempera-
ture and flow velocity measurements, we recommend the following,

� The calibration experiments of the acoustic sensor in the flow veloc-
ity gap between 0.05 m/s and 0.5 m/s should be carried out. In the
whole velocity range from 0 m/s to 10 m/s, the experimental con-
ditions should be kept in accordance with the length of the acoustic
sensors and the reference measurements. In calibration of a 3D acous-
tic sensor, instead of calibrating each frame of the sensor separately,
the 3D sensor should be calibrated as a whole.

� In the time iterative reconstruction algorithm for temperature dis-
tribution and flow field, the measurement geometry should be self-
adaptive. For instance, on the basis of the previous reconstruction of
the temperature distribution, at the location where the modules of the
temperature gradient are large, more measurement lines are needed to
extract more detailed information for the next reconstruction.

� In practice, to measure a time-varying temperature distribution and
air flow field in a large sized region, the optimal strategy is to use
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a global measurement system combined with a couple of local mea-
surement sensors. The global measurement system extracts the global
information for reconstructing the real time temperature distribution
and flow field. The local measurement sensors measure accurately the
local temperature and flow velocity at essential positions for adapting
the reconstruction results.

� In the reconstruction algorithm introduced in this thesis, all the recon-
struction results of temperature distribution and flow field were based
on the obtained measurements only. In a future design, boundary
conditions in the measurement region may be taken into account to
increase the reconstruction accuracy. Furthermore, the flow governing
equations, e.g. Navier-Stokes, could be applied to verify compatibility
of reconstruction results of the temperature distribution and flow field.

� For the commercial applications, the reconstruction tool written in
Matlab codes should be compiled into an executable Stand-alone Ap-
plication so that it becomes convenient for users, or converted into
Component Object Model objects so that the users can integrate the
tool within their own applications.



148 CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS



Appendix A

Matlab 2D interpolation

function: “griddata”

Syntax

ZI = griddata(x,y,z,XI,YI);

[XI,YI,ZI] = griddata(x,y,z,xi,yi);

[...] = griddata(...,method);

Description

ZI = griddata(x, y, z, XI, Y I) fits a surface of the form z = f(x, y) to
the data in the (usually) non uniformly spaced vectors (x, y, z). griddata
interpolates this surface at the points specified by (XI, Y I) to produce ZI.
The surface always passes through the data points. XI and Y I usually form
a uniform grid.

XI can be a row vector, in which case it specifies a matrix with constant
columns. Similarly, Y I can be a column vector, and it specifies a matrix
with constant rows.

[XI, Y I, ZI] = griddata(x, y, z, xi, yi) returns the interpolated matrix
ZI as above, and also returns the matrices XI and Y I formed from row
vector xi and column vector yi. These latter are the same as the matrices
returned by meshgrid.

[...] = griddata(..., method) uses the specified interpolation method:

� ‘linear’: Triangle-based linear interpolation (default);

� ‘cubic’: Triangle-based cubic interpolation;

� ‘nearest’: Nearest neighbour interpolation;

� ‘v4’: MATLAB v4 griddata method.
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The method defines the type of surface fit to the data. The ‘cubic’
and ‘v4’ methods produce smooth surfaces, while ‘linear’ and ‘nearest’ have
discontinuities in the first and 0th derivatives, respectively. All the methods
except ‘v4’ are based on a Delaunay triangulation of the data. The ‘v4’
method uses a biharmonic spline interpolation introduced by Sandwell [39].

An example

%Sample a function at 100 random points between −2.0 and +2.0:

rand(‘seed’, 0)

x = rand(100, 1) ∗ 4 − 2;

y = rand(100, 1) ∗ 4 − 2;

z = x. ∗ exp(−x.2 − y.2);

%x, y, and z are now vectors containing non uniformly sampled data.

%Define a regular grid, and grid the data to it:

ti = −2 : .25 : 2;

[XI, Y I] = meshgrid(ti, ti);

ZI = griddata(x, y, z, XI, Y I);

%Plot the gridded data along with the nonuniform data points used to

%generate it:

mesh(XI, Y I, ZI),

hold

plot3(x, y, z, ‘o’),

hold off
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Figure A.1: An example of 2-dimensional interpolation by “griddata”
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Samenvatting

In dit proefschrift wordt een methode beschreven om temperatuurverdel-
ing en stromingsveld te bepalen in drie dimensies. De aanpak is gebaseerd
op een akoestische meettechniek die verwantschap heeft met klassieke to-
mografische technieken, waarbij de hoogfrequente electromagnetische gol-
ven zijn vervangen door de laagfrequente geluidsgolven. Akoestische mee-
taaparatuur maakt gebruik van “transducers”, ontvangers (microfoons) en
zenders (luidsprekers), en algorithmiek (embedded software) om de temper-
atuurverdeling en het snelheidsveld van lucht te bepalen.

Het principe is als volgt: De geluidssnelheid in lucht hangt af van de
eigenschappen van lucht, zoals temperatuur, druk, relatieve vochtigheid,
CO2 -concentratie en luchtstroomsnelheid. Om de geluidssnelheid te meten,
zenden en ontvangen transducers geluidsignalen. Elk tweetal transducers
ontvangt en zendt twee signalen in tegenovergestelde richting. Als de afstand
tussen twee transducers bekend is kan de transmissiesnelheid van het signaal
langs het traject van de ene transducer naar de andere bepaald worden
uit de gemeten transmissietijd. Daarna wordt voor elk paar transducers
de transmissiesnelheid bepaald door het gemiddelde te nemen van de twee
transmissiesnelheden.

De gemiddelde temperatuur over een signaaltraject kan worden bepaald
uit een goed gedocumenteerde betrekking tussen relatieve luchtvochtigheid
en geluidsnelheid onder de veronderstelling dat de overige relevante eigen-
chappen van de lucht bekend zijn. Het verschil van de twee bepaalde trans-
missiesnelheden langs een signaaltraject wordt gebruikt om de gemiddelde
snelheid van de luchtstroom in de richting van het signaaltraject te bepalen.

De akoestische metingen van de luchtstroomsnelheid zijn gecalibreerd
in de windtunnel van het vloeistofdynamica-laboratorium van de technische
universiteit te Eindhoven, en in een buis speciaal voor dit doel geprepareerd
bij de afdeling Bouwkunde van dezelfde universiteit.

Om de temperatuurverdeling en het snelheidsveld van de luchtstroom te
reconstrueren uit de akoestische metingen is een wiskundige methodiek on-
twikkeld waarmee een scalar- en een vectorveld kan worden gereconstrueerd
uit waarden van lijnintegralen. In deze methodiek wordt een minimumnorm-
principe toegepast om tot een eenduidig reconstructieresultaat te komen.
Bovendien wordt met een biharmonische interpolatie een gladde reconstruc-
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tie verkregen. Experimenten ter valdidatie van de aanpak zijn uitgevoerd
in een glazen doosconstructie bij Innovation Handling te Eindhoven. Ze
laten zien dat met de voorgestelde methodiek een nauwkeurige temperatu-
urverdeling en snelheidsveld kan worden bepaald.

De akoestische meettechniek is geimplementeerd in practische omgevin-
gen, zoals een glazen kas en een luchtgordijn. De algorithmen zijn geim-
plementeerd in Matlab en invoer- en uitvoergegevens zijn op een gebruik-
ersvriendelijke manier verwerkt en grafisch weergegeven. De gereconstrueerde
temperatuurverdeling en snelheidsveld worden gevisualiseerd door een kleuren-
kaart of door stroomlijnen. De resultaten toonden zich in overeenstemming
met de referentiemetingen en met op theorie gebaseerde voorspellingen.
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