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Within Sweden and the EU, an increased use of biogas gas and natural gas is encouraged to decrease
emission of carbon dioxide. To support more effective manufacturing, distribution, and consumption
of energy gases, new methods for the measurement of the calorimetric value or the gas composition
are needed. This paper presents a method to extract and visualize variations in ultrasound pulse
shape, caused by interaction effects between the constituents of a two-component gas mixture. The
method is based on a combination ofprincipal component analysisand orthogonal signal
correction. Pulse-echo ultrasound experiments on mixtures of oxygen and ethane in the
concentration range from 20% to 80% ethane show that the extracted information could be
correlated with the molar fraction of ethane in the mixture. ©2005 Acoustical Society of America.
@DOI: 10.1121/1.1893565#
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I. INTRODUCTION

Natural gas and biogas contain mixtures of seve
gases, with the major component being methane. Other c
ponents are ethane, hydrogen, and other higher order hy
carbons~such as propane, butane, etc.!. Sometimes the ga
also contains small, but highly undesired, fractions of o
gen or water vapor. Water and oxygen are both corrosive
can cause severe damage to the pipeline systems. There
knowledge and methods for monitoring the amount of und
ired impurities in the gas are important.

Furthermore, with the use of different sources of g
~i.e., different gas fields! the energy content of the gas deli
ered to customers may vary considerably. Variations of
much as 20% can occur.1 It is of interest to both provider and
customer to know the composition of such gas mixtur
since this determines the energy content~calorimetric value!
and, thus, the combustion properties and the monetary v
of the gas.

Today, the energy content of gases is measured u
either gas chromatography or calorimetry. Both methods
accurate, but require samples of the gas to be removed
analyzed separately, which makes them relatively slow. T
are also rather expensive. Because of this, the existing t
niques are not suitable for on-line measurement at the
tomer side of the distribution line.

In conjunction with flow meters the temperature a
pressure are measured in order to relate the operating
conditions to a reference condition. Given the calorime
value at the reference condition, the energy content can
measured on-line, during operation. However, this appro
assumes that the composition of the flow is constant. N
methods for on-line measurement of the calorimetric va
have been investigated by, for example, Jaeschkeet al.2,3

Jaeschke modified the technique by adding measureme

a!Electronic mail: johan.carlson@csee.ltu.se
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relative permittivity, speed of sound, and CO2 molar fraction
as input to a correlation model in order to improve the ac
racy of the energy content estimate.

In this study, we investigate what information that c
be extracted from the shape of ultrasound pulses that pr
gated through the gas. Today, ultrasonic flow meters are u
to measure the volume flow, and a method that does
require many additional sensors would be attractive. With
approach presented here, the data available in a convent
flow meter are processed to extract information about the
composition.

Typically, both the speed of sound and the attenuation
sound within a gas vary with temperature, frequency, pr
sure, etc. Hence, both these properties can help to mon
changes in experimental conditions. This has recently b
studied in both theory and experiments by Dain a
Lueptow,4,5 Martinsson,6 and Townsend and Meador.7

The frequency dependence of the attenuation is fa
easy to measure, but the speed of sound is much m
difficult.8 Both of these affect the shape of the receiv
pulse.

Figure 1 shows three pulses obtained using the exp
mental setup described in Sec. IV A. The first pulse was m
sured in pure oxygen, the second in pure ethane, and
third in a mixture of the two, containing molar fraction o
40% of ethane. As the figure shows, there is a small cha
in pulse shape between pure oxygen and ethane. It is, h
ever, more difficult to notice how this changes when ga
are mixed. The pulses in Fig. 1 have been normalized
aligned in time for the purpose of showing differences
shape. The remaining differences in pulse shape are ca
by frequency-dependent attenuation and dispersion.

In this paper, we develop a subspace-based filter that
be used to suppress variations in pulse shape origina
from the pure gases, hence, leaving only variations origin
ing from interaction effects between the constituent gas
The filter is based on a principle known asorthogonal signal
2961961/8/$22.50 © 2005 Acoustical Society of America
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correction ~OSC!.9 Pulses measured in a mixture will be a
fected by the pure gases and by the inter gas interac
effects. These interaction effects are much smaller than
individual effects of the constituent gases, but highly int
esting when the goal is to study the composition of a m
ture. The OSC filter is implemented as a projection ma
that projects the measured pulses in gas mixtures onto
orthogonal complement of a basis spanning the experime
variation caused by the pure gases. The remaining exp
mental variation is then analyzed usingprincipal component
analysis~PCA!.10 The work presented herein is an extensi
of the results presented at a recent conference.11

The method is evaluated with experiments on pure o
gen (O2), pure ethane (C2H6), and mixtures of the two for
molar fractions of ethane in the range of 20%–80%. T

FIG. 1. Example of pulses measured in pure oxygen, pure ethane, a
mixture with a molar fraction of 40% ethane, all measured at a static p
sure of 5.0 bar. The temperature was 20 °C. The pulses have been no
ized to unit energy and aligned in time.
2962 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 J. E. Carls
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results show that the remaining variation can be explained
one principal component, which correlates well with the m
lar fraction of ethane.

II. NOTATION

We will use bold capital letters~e.g.,X! to denote ma-
trices, and small bold letters to denote column vectors~e.g.,
xi , for columni of the matrixX!. Scalars and matrix row and
column indices are denoted with small nonbold~italic! char-
acters~e.g., i, k, n!. For example, the first column of th
matrix X is denotedx1 . Matrix transpose is denoted withT.

The notationx@n# denotes thenth element of a vector.

III. THEORY

Any experimentally observed data,x, is composed of
two parts:j, which is a systematic part, and«, which is a
random noise part, such thatx5j1«.

Principal component analysis~PCA!10 is a well-
established tool for analyzing and modeling multivaria
data. The central idea is to reduce the dimensionality o
data set consisting of a large number of interrelated v
ables, but at the same time preserving as much as possib
the systematic experimental variation,j, in the data. Figure 2
illustrates the principle for a simple case where a thr
dimensional data set is projected onto a two-dimensio
subspace.

In order to analyze the shape of ultrasound pulses
PCA, we need to represent them in matrix form. L
xi@n# (n51,...,N) be a sampled version of an ultrasoun
pulse and letxi be the column vector representation of t
same pulse. Now each measured pulse can be seen as a
in an N-dimensional space. For each of the different expe
mental settings, a new vector is obtained, and in orde
analyze the whole set by PCA, they are stored as column
a matrix,X.

In the experiments~see Sec. IV!, we have two data sets
the first containing pulse-echo measurements of pure oxy
and pure ethane, and the second containing measuremen
mixtures of the two. If the effects of oxygen and ethane w
to add linearly when mixing the two, the dimensionality
the data set would not increase. That is, the same se
principal components would describe the experimental va
tion in both data sets. If, however, there are any interact
effects between the gases in the mixture, we would n
some additional components to describe these~i.e., the di-
mensionality of the data set is increased!. Now, if the inter-
action effects are small, which they most likely will be whe

a
s-
al-
a

FIG. 2. Schematic description of how
PCA reduces the dimensionality of
data set.
on and P.-E. Martinsson: Exploring interaction effects in gas mixtures
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e. In
the molar fraction is small, they will be practically drowne
by the effects of the pure gases. If the goal is to extract
effects of mixing gases, we need some method to remove
effects originating from the pure gases. The way we
proach this problem is byorthogonal signal correction
~OSC!.9

First, a PCA is performed on measurements on p
gases. This results in a set of components that explain
variations in pulse shape caused by the pure gases, fo
different experimental conditions. The pulses measured
gas mixtures will vary due to the individual constituents, b
also due to interaction effects between the gases. The O
process can be seen as a filter that removes the effects o
pure gases from the mixture data, leaving a data set th
uncorrelated~orthogonal! to the measurements in pure gas
The remaining variations in pulse shape originate from in
action effects between the constituent gases.

For this to work, the data set has to be preprocesse
remove the effect of propagation delay and scalar atten
tion. This information is, of course, still accessible, but
normalizing the pulses, we do nota priori assess any greate
statistical significance to any of the measured pulses. Pu
measured in different gas compositions will have a differ
propagation delay, because of variations in sound velocit
the delays are not compensated for, this will result in
apparent increase in dimensionality of the data set~i.e., more
principal components are needed!. This is accomplished by
aligning all pulses with respect to one of the measureme
~e.g., the first column in the matrix containing all pulses!.

The next subsection describes the preprocessing of
ultrasound pulses, and Sec. III B then describes the OSC
the PCA.

A. Preprocessing

The pre-processing consists of two steps:

~1! Normalizing the pulses to unit energy, thus removing
effect of a scalar attenuation due to the propagation
tance.

~2! Aligning the pulses in time and thereby removing t
effect of changes in propagation delay through the m
dium, and the effect of any sampling jitter caused by
digitizing hardware.

1. Normalizing

The normalized pulse,xi , is calculated as

xi5
x̄i

Ax̄i
Tx̄i

, ~1!

wherex̄i denotes the vector containing a sampled version
the pulse, before normalizing.

2. Aligning pulses

Aligning the pulses consists of two steps:

~1! Estimate time-of-flight differences between pulses, w
an accuracy of fractions of the sampling time.

~2! Align pulses according to the estimated time-of-flig
difference.
J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 J. E. Carlson and
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In this paper we consider only changes in pulse shap
an ultrasound echo that propagated back and forth thro
the volume of gas~see Fig. 3!. Because we only use the firs
echo ~as indicated in Fig. 3!, we do not measure speed o
sound and attenuation explicitly, but rather changes in pu
shape caused by frequency-dependent attenuation and s
of sound. However, when the experimental conditio
change, the time-of-flight through the gas will also vary. T
set of echoes recorded for the different measurement c
figurations are therefore aligned, with respect to one of
echoes~e.g., the first measurement!.

The reason for aligning and normalizing is to better
veal any changes in pulse shape. As a consequence of
changes, it becomes difficult to determine time-of-flight d
ferences, since techniques for this are based on the ass
tion that theonly differences between the pulses are a tim
of-flight difference and possibly a scalar attenuation.

As a best-effort attempt, we use the analytic cro
correlation technique proposed by Marple12 to estimate the
time-of-flight differences in whole samples~i.e., an integer
multiple of the sampling time of the system!. Marple’s
method uses the maximum of the envelope of the cro
correlation function, instead of the cross-correlation funct
itself. The result is an estimate that is less sensitive to sm
changes in pulse shape than the standard cross-correl
method, since the envelope is much less sensitive to ph
shifts. The details of this method are left out since they
very well described in the original paper by Marple.

A cross-correlation technique will result in an estima
of the time-of-flight difference as a multiple of the samplin
time. Variations in propagation speed or jitter in the digiti
ing hardware can, however, result in delays on a subsam

FIG. 3. Description of the measurement cell and the pulse-echo schem
this paper the first echo, as indicated in the figure, is analyzed.
2963P.-E. Martinsson: Exploring interaction effects in gas mixtures
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level ~i.e., fractions of the sampling time!. To further im-
prove the performance of the PCA, the time-of-flight diffe
ence estimates are therefore refined using the estimator
posed by Grennberg and Sandell.13 This estimator has bee
shown to work especially well for narrow-band pulses, a
for small delays.

Aligning the pulses according to an integer delay~i.e., a
multiple of the sampling time! is straightforward, but to shift
pulses a fraction of the sampling time, we need to use so
interpolation scheme. In this work we have chosen
method of Lagrange interpolation,14 since this can be imple
mented as a simple linear filter. Let the original pulse
x̄i@n#. Then, the shifted pulse,xi@n#, is given by

xi@n#5 x̄i@n#* hl@n,u#, ~2!

whereu is the time-of-flight difference,* denotes the convo
lution, andhl@n,u# is the impulse response of the interpol
tion filter, according to Lagrange’s interpolation formula. F
a three-point interpolation, the impulse response is given

hl@n,u#55
1

2
u~u21!, n50.

~12u2!, n51,

1

2
u~u11!, n52.

~3!

B. Orthogonal signal correction

After the preprocessing, we are left with a set of me
surements that essentially vary only in pulse shape. This
tion describes the remaining steps of the analysis:

~1! Find a basis for the experimental variation caused by
pure gases~PCA!, for different static pressures.

~2! Project the measurements of mixtures onto the ortho
nal complement of the basis determined in step 1~OSC!.

~3! Find a new basis for the remaining experimental var
tion ~PCA!.

Let X0 be a matrix where the columns are pulses m
sured in pure oxygen (O2) and pure ethane (C2H6), for dif-
ferent pressures. LetX1 be the matrix with columns corre
sponding to pulses measured in mixtures of the gases,
representing different molar fractions of ethane, also for d
ferent static pressures.

Finding a basis for the experimental variation spann
by the columns ofX0 means determining the principal com
ponents~PCs! of X0 . In this paper, the PCA is implemente
usingsingular value decomposition~SVD!.15 With the SVD,
any rankr matrix X0 can be factored as

X05U0S0V0
T , ~4!

where the columns ofU0 andV0 are the unit-norm eigenvec
tors of X0X0

T andX0
TX0 , respectively. The nonzero diagon

elements,s i of S0 are the square-roots of the eigenvalues
X0X0

T andX0
TX0 , sorted so thats1>s2>¯>s r . This can

be seen as a change of basis, where the new basis fo
columns ofX0 is given by the columns ofU0 ~also called
principal componentsor loading vectors!, and the weights
for the new basis~scores! are given by the columns ofS0V0

T .
2964 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 J. E. Carls
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The change of basis means that all pulses~columns of
X0) can now be represented as a linear combination of
columns inU0 , using the weights inS0V0

T , i.e.,

xi5u1s1v i11u2s2v i21¯1urs rv ir , ~5!

where r is the rank ofX0 . If fewer components thanr are
used, this yields an optimal low-rank approximation ofX0

~in a least-squares sense!. This property is what is used whe
approximating a data set with a small number of princip
components.

To examine how much of the total experimental var
tion ~in %! each principal component explains, we study t
scaled singular values, since the singular values i is propor-
tional to the experimental variation in the direction of theith
principal component.10 Let s̄ i be scaled versions of ther
nonzero singular valuess i :

s̄ i
25100

s i
2

(k51
r sk

2
. ~6!

Now, if the effects of the constituent gases were to a
linearly, the same set of principal components~columns of
U0) would also span the variations in pulse shape caused
the gas mixtures. That is, the columns ofX1 could all be
written as linear combinations of the columns ofU0 . If this
is not the case, the interaction effects can be extracted f
X1 by projecting onto the orthogonal complement ofX0 as

X̃15Px0

' X1 , ~7!

where the projection matrixPx0

' is given by15

Px0

' 5I2Û0~Û0
TÛ0!21Û0

T , ~8!

whereÛ0 is the matrix consisting of then (n,r ) most sig-
nificant components ofU0 . This is determined by looking a
the cumulative sum of the scaled singular values from
~6!. Since the columns ofÛ0 are by construction
orthonormal,15 Eq. ~8! simplifies to

Px0

' 5I2Û0Û0
T . ~9!

A basis for the interaction effects is then given by t
principal components ofX̃1 , given by the columns ofŨ1 , in

X̃15Ũ1S̃1Ṽ1
T . ~10!

In other words, we can say that the columns ofŨ1 form
a basis for the experimental variation that remains after
moving the contribution of the pure gases. The matrixPx0

' in

Eq. ~9! projects the data inX1 onto a smaller subspace, o
thogonal to the subspace spanned byÛ0 . This is why this
process is calledorthogonal signal correction.9

C. Summary of the algorithm

The analysis principle described in the previous secti
can be summarized as follows:

~1! Store all pulses as columns of the matrixX̄.
~2! Normalize and align the pulses inX̄ as described in Sec

III A in order to obtainX0 .
on and P.-E. Martinsson: Exploring interaction effects in gas mixtures
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~3! Calculate principal components (U0) of the pure gases
using Eq.~4!.

~4! Remove the effect of the pure gases from the gas mix
using Eq.~7!.

~5! Determine the principal components,Ũ1 , of the remain-
ing variation (X̃1) using Eq.~10!.

IV. EXPERIMENTS

A. Setup

A pulse echo scheme was used to acquire ultraso
pulses that propagated through the gas mixtures. The ac
tic properties of interest vary with frequency,f, and pressure
P. In fact, it is the frequency to pressure ratio,f /P, which is
the appropriate scale to use.4 The temperature and frequenc
dependence of sound velocity and acoustic attenuation h
previously been investigated by, for example, Martinsso6

Lueptow,4,5 and Bhatia.16 There are two ways to vary thef /P
ratio in a pulse echo system. Transducers of different ce
frequency can be used for a fixed pressure, or one transd
can be used while the pressure is changed. The latter o
two principles was chosen for the work in this paper.
1-MHz air transducer was used. The effective diameter of
transducer was 15 mm~cf. Fig. 3!. Diffraction losses were
assumed to be negligible, since the pulse-echo measurem
are in the near-field region of the transducer.17

A custom-built pressure chamber~see Fig. 4! was used
to achieve different static pressures. The pressure was va
between 1.54 to 7.4 bar in 12 steps for each gas. Since
attenuation in ethane is extremely high at low pressures
high frequencies, we were limited to make measurement
higher pressure for that particular gas~above 1.86 bar!.

The pressure in the chamber was measured with
ANDERSON TPP Pressure Transmitterwith a range of up to
13.6 bar above atmospheric zero. The transmitter has an
curacy of approximately 30 mbar. This includes the co
bined effects of linearity, hysteresis, and repeatability.

The transducer was mounted on a stainless steel m
surement cell, as seen in the lower left corner of Fig. 4. T
measurement cell was then immersed into the pressure c
ber. Figure 3 shows the details of the measurement cell.
all calculations in this paper, only the first of the record
echoes was used, as indicated in the figure. The whole s
J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 J. E. Carlson and
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was then placed in a temperature controlled chamber~Her-
aeus Vo¨tsch HT4010!, where the temperature was kept co
stant at the desired temperature.

To excite and receive acoustic pulses from the tra
ducer, aPanametrics Pulser/Receiver Model 5072was used.
For the transmitting mode, the pulser/receiver was set to
liver maximum energy to the transducer, which correspo
to a short voltage impulse with 360-V amplitude, corr
sponding to an excitation energy of 104mJ. In receive mode,
the signals are amplified 20 dB.

All pulses were sampled at 100 MHz with an 8-bitTek-
tronix TDS 724, 1-GHz digitizing oscilloscope. For each ex
perimental setting, 50 signals were recorded and transfe
to a PC, where they were averaged and further proces
~see Sec. III A!.

For each measurement, the temperature was reco
using an encapsulated PT100 sensor mounted through
wall of the pressure chamber.

The transducer used was originally designed for ope
tion in air which has an acoustic impedanceZair

54154 Pa•s/m ~at T520 °C andP51 bar). Since the acous
tic impedance of the gases used are different from air,
transducer will not operate at its optimal performance, a
consequently not transmit as much power as desirable.

B. Results

The first set of experiments was with pure ethane a
pure oxygen, at 20 °C, for pressures of 1.54–7.4 bar. T
resulted in 12 measurements of ethane and 12 of oxyg
After aligning and normalizing, as described in Sec. III A, a
24 were stored as columns of the matrixX0 . The second se
of experiments was with mixtures of ethane and oxygen,
molar fractions of 20%, 40%, 60%, and 80%, for the sa
pressure range, also at 20 °C. In total 4312548 experiments
were made on the mixtures. These pulses were aligned
normalized and stored as columns of the matrixX1 .

Looking at the cumulative sum of the squares of t
scaled singular values~cf. Fig. 5!, s̄ i

2, of X0 we see that the
first three components are enough to describe approxima
99% of the total experimental variation. The rest of the co
ponents are assumed to represent mainly noise. Figu
shows the correspondingprincipal components, ui ( i
2965P.-E. Martinsson: Exploring interaction effects in gas mixtures
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51,2,3). Since these three components account for appr
mately 99% of the experimental variation, this means
measured pulses can be accurately approximated as a l
combination of these, as given by Eq.~5!.

Following the steps described in Sec. III C, we obta
the score matrix, S̃1Ṽ1

T , and theloading matrix, Ũ1 .
The data set for the gas mixtures was then filtered us

the OSC filter given by Eq.~7!. In order to study how much
systematic variation that remains after the OSC filter w
applied, a PCA was performed onX̃1 . From Fig. 7 we see
that the remaining variation is significantly smaller. Det
mining the significance of these components is more d

FIG. 5. Cumulative sum of the singular values,s̄n
2, of X0 ~i.e., eigenvalues

of X0
TX0), describing the amount of experimental variation explained

components are added to the model@see Eq.~6!#. Note that the first three
components are enough to describe approximately 99% of the total v
tion.

FIG. 6. First three loading vectors,u1 , u2 , u3 , representing approximately
99% of the total experimental variation.
2966 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 J. E. Carls
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cult, since the singular values do not vary as much as for
unfiltered mixtures. There are two possible reasons for th

~1! The components contain mainly noise.
~2! All components contain important variation.

The second is not likely, since we know already th
approximately 98% of the original variation has been
moved. To determine whether the remaining compone
represent any systematic variation, we need to study
scores associated with each of the components. In Fig
these are shown for the first component. These show a c
interdependence with the physical variables of interest~i.e.,
f /P ratio and molar fraction!. Studying the scores of the
other components did not show the same systematic rela
ship to the molar fraction, and therefore no figures of t
have been included in the paper.

Determining the number of necessary principal comp
nents can be done in several ways. In this paper we de

s

ia-

FIG. 7. Singular values of the pure gases (X0), the mixturesX1 , and the
mixtures after projectionX̃1 . It is clear that the pure gases contribute
most of the variation. The filtering reveals the relatively small interact
effects.

FIG. 8. Scores~coefficients!, ṽ1s1 , of the first principal component of the
filtered data set as a function of frequency to pressure ratio and m
fraction of ethane.
on and P.-E. Martinsson: Exploring interaction effects in gas mixtures
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mined this by looking at how many components are nee
to capture.98% of the experimental variation, using E
~6!. Depending on the purpose of the analysis~e.g., regres-
sion or classification! other methods such as cro
validation18 or the Akaike information criterion19 could be
used.

In Fig. 7 it appears that for the mixtures some of t
singular values are smaller than the corresponding value
the pure gases, and vice versa. Some questions were r
whether this contradicts the conclusion that the pure ga
contribute to most of the systematic variation. The pure ga
and the mixtures are two different data sets, and the intrin
structures of these sets may vary, and thus the relative siz
the singular values can differ. Looking at the singular valu
of the filtered mixtures, it is, however, clear that most of t
variation has been removed. The remaining set is unco
lated with the pure gases and the conclusion, and thus
remaining variation is due to noise and intergas interac
effects.

Figure 8 shows thescores~or coefficients! ṽ1s1 of the
first component for the filtered mixture data as function
frequency to pressure ratio (f /P) and molar fraction of
ethane. For highf /P values~i.e., low static pressures!, the
acoustic attenuation is very high, and the signal-to-no
ratio ~SNR! drops. For thesef /P values, the intergas inter
action effects are almost drowned by the experimental no
and thus become difficult to extract. This can be seen in
8 as the surface levels out, i.e., the scores describe ma
noise. For higher SNR, there is visible interdependence
tween the molar fraction of ethane and the scores of the
principal component. To estimate molar fractions, the surf
in Fig. 8 could be modeled as a function of the frequency
pressure ratio and molar fraction.

V. DISCUSSION

A first step towards a physical model of a complex s
tem is to identify variables that affect the experimental var
tion. The methodology described in this paper helps rev
ing small, but highly interesting properties of gas mixtur
related to intergas interaction effects. The results in Fig
show that these properties vary with the physical proper
of interest. It is reasonable to believe that the change
pulse shape are due to dispersion and frequency-depen
attenuation. For some individual gas components, these
fects are predictable using physical models. It is, howe
much more difficult to describe the physics of the interact
effects. The focus of this paper is to show that these effe
can be observed from measured data, but we have no
attempted to describe the underlying physical processes
though the surface in Fig. 8 could be modeled empirically
good physical model would be more attractive. Current
search focuses on studying these phenomena, but to dat
not possible to draw any conclusions regarding this. T
physical principles of wave propagation in gases are
scribed in detail elsewhere, and since we do not use
physical models here, these details have been left out.
interested reader is referred to the work by Dain a
Lueptow4,5 or the classic by Bhatia.16 A challenging problem
J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 J. E. Carlson and
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for future research is to find means of extracting system
variation from observed data that can be used to estim
parameters in physical models.

In this paper we have only considered a two-compon
gas mixture. The long-term goal is to develop method
on-line measurement of the energy content of energy ga
In practice, these are always mixtures of more than t
gases. Although molar fractions would enable us to calcu
the energy content, it might be easier to quantify the ene
content directly, using the same methodology as describe
this paper.

In Sec. III A, we mention the importance of aligning th
pulses in time before processing. If this is not done, the ti
delays will cause the apparent increase in dimensionality
the data set. Compensating for the time delays is, howe
rather difficult. The change in pulse shape that we are in
ested in extracting is also a source of error when we try
estimate the time delays. The reason for this is that the t
delay between pulses with different shape is not well defin
This is a well-understood problem that future research w
have to address~see Ref. 20 and references therein!.

It should also be mentioned that, except for the meth
ology described here, it is also possible to run a PCA direc
on a matrix containing measurements on both pure gases
gas mixtures. The principal components obtained by this p
cedure also contain information about the gas compositio21

The OSC principle does, however, better isolate the spe
interaction effects caused by mixing the gases.

VI. CONCLUSIONS

In this paper we have described how OSC and PCA
be used to extract information from ultrasound pulses t
vary with the molar fractions of ethane in an ethane/oxyg
mixture. OSC enables us to describe variations in pu
shape caused by interaction effects between the gases
cannot be described by the pure gases alone. The OSC c
interpreted as a subspace-based filtering process tha
moves experimental variation described by the pure ga
thus revealing the intergas interaction effects. These eff
are significantly smaller than the effects of the pure ga
and, as indicated by Fig. 1, very difficult to estimate from t
measured pulses directly. The variation remaining after O
filtering was analyzed with PCA, and the results show t
one principal component is sufficient to describe most of
interaction effects, and that this shows a visible interdep
dence with the molar fraction of ethane in the tw
component gas mixture.
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