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ABSTRACT: Determination of exhaust gas temperature and corad@m is a critical point for the study and the
optimization of engines combustion. A non-invasimethod has been developed based on the analysie cf02
infrared spectrum, which is particularly sensitteehe temperature between 4.16 um and 4.20 puninjddrsion of the
radiative transfer equation ensures the retrie#mperature and concentration profiles, fromdraission or radiative
intensity measurement and complementary informagibaut the profiles shape. The inverse problenoiged by
minimizing the quadratic difference between the sneed spectrum and the calculated one from thergiseopic data
listed in HITRAN-08 [2] [3] [4]. This method has &e validated on a flowing GIN, gas mixture heated up to 300°C.
Identified temperature has shown good agreemetft thi¢ one recorded by thermocouple: difference as than
2.5%. This optical technique, without medium dibaurce, may be used in various applications invglviombustion,
such as the study of Diesel exhaust pipe.

INTRODUCTION.

Temperature is a critical information on thermodyimsystems. In the specific case of combustioa,ehergetic or
running optimization of systems is strongly linkedthis parameter since their efficiency is dirggttoportional to the
temperature. Environmental standards regularly sepsironger reduction of pollutants or greenho@seeagnission to
the automotive industry. An additional solutionatib the pollutant filtering or transforming systemisch as particles
filters or catalytic converter is to improve enggféiciency. In order to make such improvements, gblutions must be
experimented while designers have to minimizedratd prototypes. Currently, some numerical tomdsdeveloped
and their validation must be achieved by compassaith experimental values. In this paper, a newhoe to
determine temperature and gas concentration psafilthermodynamic systems is proposed. This algion-invasive
method has been developed as part of a researtipon the engines air-loop for automotive indus8IMBA. The
resulting numerical model concerns the whole gesukdtion in the engine from the inlet to the exdtalines. Inlet
pipes, turbocharger, coolers, cylinders, exhaudtEE@R lines have been taken into account for thes@&iengine that
has been studied. The presented method is baséteamnalysis of the COnfrared spectrum, which is particularly
sensitive to the temperature between 4.16 um a@ 4m [1]. The inversion of the radiative transéguation from
transmission or radiative intensity measurementsuies the retrieval of temperature and concentrapimfiles.
Finally, the method is applied to the exhaust B\V&-TED4 PSA engine.

RADIATIVE PROPERTIES OF GASAND PRINCIPLE OF THE METHOD.

The properties of the infrared radiations emittgdabhot gas are entirely different from those esditby a hot solid
surface.

According to the Planck’s law, the radiative intéysemitted by a blackbody is a function of tempgara and
wavelength (here the wavenumlagr
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where T is the temperature of the body (&)the wavenumber (cM), ¢; = 1.191E~'2 (W.cnf.sf?) andC, = 1.438
(K.cm). Usually, the wavelength of the radiation is given in pm but for IR spestopy, the conventional unit of the

wavenumber is cnmi'. The wavenumber is given by the following formutgicm 1] = 10000/A[um]'

Blackbody’s law is represented on the followingufig at 300K, 500K, 700K and 900K in the spectrage0 crit to
6000 cnt.

Wavelength (um)
x 10 2.00 2.50 3.33 5.00 10.00
T

: /
25 o? /\
/N

os/ /j/ymm‘

8000 5000 4000 3000 2000 1000
Wavenumber (cm™1)

Energy (W.emZsr!cm)
N

Fig. 1: Energy emitted by a black body for various tempeest

On the contrary to a hot solid medium which emétdiations on a continuous spectrum, a hot gas eadiations only
on discrete wavelengths (and conversely, a coldaff@®rbs radiations only on discrete wavelengthts raot on a
continuous spectrum). For a gas, the radiative arisor absorption is directly linked to the moliecuenergy level
which can be divided in four types: kinetic energlgctronic energy, vibrational energy and rotatlanergy. Besides,
these discrete wavelengths are gathered in wawblesipes, whose width increases as the temperatine
concentration and the pressure of the gas rise.ifffn@red lines of carbon dioxide spectrum presamtimportant
dependence to temperature around 2400. cherefore, this molecule is the main gas of tigly. When torque and
rpm increase in an engine, the temperature andeotration of carbon dioxide increase in the exhgast A Fourier
Transform Infrared spectrometer (FTIR) can givdlyesccurate information about this kind of linesdathe following
figure illustrates this point with carbon dioxidesarption lines measured on the exhaust gaze®bd®aDiesel engine:
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Fig. 2 : Typical gas absorption lines for carbon dioxidelie infrared.

As expected, temperature and concentration of @€rease into the exhaust gases. The shapes dcfptera are
modified and the absorption lines are getting lardée shape and intensity of gas absorption ossion lines are
deduced from the gas temperature and concentrdtiten along the optical axis “x”. At the wavenumbet’ the
transmission is given by:

Tg(x) — e—Ka(x,T,C).dx
where, K, is the monochromatic absorption coefficient of tfas. For a gas volume, this expression can bgrated
from x =0 to x= d with “d” the thickness of the sy as shown on the following figure:
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Fig. 3 : Typical experimental configuration.

Then, the radiation emitted by this specific volummegiven by th following form of theintegrated radiative heat
transfer equation:

where, is the monochromatic transmissiof the gas from “x” to “d” given by:
Since——— the radiation can be defined by:
and finally:

With this last equation, the radiative heat transfguatiormay be solved numericalgssuming that the heterogene
and nonisothermafjas volume can be divided in small elements. Feoh ez them, the properties aconsidered
homogeneous artthe temperature constant. T, a system divided into “N” elements odnstant thickness “e = d/I
and containing carbon dioxidis, here considercas shown below:
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Fig. 4 : Heterogeneous system divided into N homogeneousaimim elemen

Here, k = 0 indicates the origin of the radiatiarthe system. It may be null or bounded by a hoteptaaracterized k
an emissivity £(0)” and its temperature “Tp”. The energy emittedthig element is defined i . Of course, the
discretizatiorof the temperature and concentration profilesthis system is necessary. Itassumed here that for each

element, the temperature and concentration of gascanstant values attributed at the center ofelleenent ant
calculated by:

and
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Using the temperature and concentration calcultde@ach element, the corresponding value of theauolromatic
absorption coefficient mayebcomputed by an adequate mc [7]. Then, at the end of an
element “k”, * " may be calculated with this coefficient and ttmeitted radiation from the previous elem:

And finally:

With “N” iterations (k=1,...,N) the radiative intertgiemitted at the end of the gas volu may be
calculated.The initialization can be done in the case of a plate as shown oFig. 3 with the following value:

Note that the total transmissiorcfar of the whole volume i

If spectral measurement are proceeded on a real sysisrpossible to find the best parameters fok™&nd “Ck” to
fit the recorded data with the synthetic valuese Timal result has to b with the
monochromatic radiative intensigalculated at the end of the systfor the wavenumbe (direct problem), and

the measured one fdhe same wavelength. Assuming some properties erslilape of the temperature ¢
concentration distribution discarder-physcal results and these profiles can be recoveredprviously indicatec
carbon dioxide lines in the infrared present imaortemperature dependence around 24C™. In this spectral range,
aninverse problem is solved by minimizing the quaidrdifference between the measured spectrum and theatelt
one from the spectroscigpdata listed in HITRAI-08 [2] [3] [4] with the developed mod The minimization code
gives the best solution for:

where, “m” stands for T and C parameters vector. @frge, some parameters are necessary to find shedation in
good conditions. e total pressure of the gas must be known, thexdaoy conditions (hot plate properties,
thickness between the gaslume and the detection system, spectral respofitbe optical system), and an assump
about the shape’s distribution of both temperatame concentration must be included as input dFinally, the
following diagram describes the principle of optimization code:
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Fig. 5 : Principle of the optimization code.

The validity of the monochromatic values calculatehasbeen verified with a specific gas characterizatieth

INVERSION OF THE GASVOLUME TRANSMISSION SPECTRUM.

The method has been validated on a synthetic gashbehere the concentration and the temperaturgasfwere
controlled values. A FTIRspectrometer wi used ¢ realize transmission measurements on the gasneolTThe
following figure illustrates the experimental sett
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Fig. 6 : Experiment setup on synthetic gas bench for measurement of the transmission spectrum.

The gas mixtureflows through a pipe form the premix cell to the aserement cell. A heater controls the
temperature. Firstly, nitrogen, a neutral within the studiedspectral range (no absorption in the spectral ranf(
interest) is flowing through the systemsing some optics, the light from the radiative seufinternal source of tt
spectrometer) crosses the gas flow and is collectedan MCT detector after modulation in the Micbel
interferometer. The result is a reference specfarmthe radiative soice . Thengarbon dioxide is added to
nitrogen in the premix chamber and flows througpie to the measurement cell. A new spectrum isliaed anc
gives . In additiona “K type” thermocouple is used to give a corison point between the result of t
minimization code and the real temperature distigiou A Kulite WCT 312 pressure transducer is alsed as show
on Fig. 6to measure the total pressure of the visualizedurgx The last step gives the spectral transmissidhe gas
mixture by the calculation of the ratio between ierence spectrum and the spectrum with carbaxidé:

This transmission measurement doesn’t require &aglealibration because all the source informatém the
environment influences are integrated into theresfee measuremel . Moreover all the environmeal
perturbations are avoided since the spectrum isriohted with the modulated light coming from thecktlson
interferometer. Finally, the energy from the in&@rsource is higher than tiselfemissiol from the gas mixture or
from surrounding because the temperature of tlegriat source of the spectrometer is around 14Furthermore, the
radiated energygalculated by Planck’s w is about 33 times more important at 1400K tha®6QiK at 4umAs the
energy of a real body isvadys lower than that of a blebody at the same temperature, considering that thered
source of the spectrometer is cldasehe blacbody assumptions, this ratio is a minimum value. &bthese reason
the signal to noisratio is really good in this study and the naticeise level is about 1'

The data inversion requires a high resolution spetiFig. 2). Therefee, the acquisition time is quite important: ab
4 minutes for a 0.125cfrspectral resolution. Moreover, the steady statetdvé® reached before acquiring data. A:
example, for a 5%COand 95%N mixture, the monitoring of temperature and pressgires the following curves
during spectra acquisition:
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Fig. 7 : Temperature and pressure for a 5%, and 95%MN mixture
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Temperature stability is correct and aro=3.6 K which as to be compared to the aveneajee calculated at 600.25
K: the temperature variation is about 0.6% in $kendard Kelvin units<Concerningthe pressure, the stability is al
reached and good. The averagdue i 1.01 bar, the absolute variatiorti8.02 bar andhe pressure variation is abc
+1.98%.

For each gas mixture, the averageasured temperature valis compared to the retrieved temperature value a
thermocouple’s position in the measurement cellrédwer, as the exact concentration of gas ind in the pipe is
known, the result of the inversion for concentnatiwill be compared to this exact val The results obtained for the
identification of temperature and concentratiorcafbon dioxide for three different cases are pitesk first 5%CQ /
95%N, under lbar then 5%GQ@ 95%NN, under 1.01 bar and finally 10%G® 90%N, under 0.99 bars. For all the
tests, the initialization values are=T300 K, Xc0, = 1%. The following tables give the relative differescbetweel
calculated and measuredlues for temperature and concentra

. 5,0 5,0 10,0
Molar fraction of CQ (%) 5 5 10
Molar fraction %o, (%)

5173 | 6003 | 4412
Tuaw (K) 4,7 49 9,5

XCOZ. oplical(%)
523,8 607,4 436,5
Toptical (K) 6 2 5

13 1,2 1,1

Table 1 : Offerences between calculated parameters and readrpaters for inversion of transmission measure..

These results confirfaoth the measurement method and the data procexding inversion cod

APPLICATION TO CAR ENGINE: MEASUREMENTSAND RESULTS

Some measurements have been done on the exhaesbiip car engine (D\-TED4; 1.6 HDI; 110 hp). Th
measurement cell used for the validation of thehmeton the synthetic gas bench is connected t@xhaust pip
behind a particle filter to prevent dhsctior on windows The experimental setup is described on the fatigvfigure
and the real position of the cell of the exhaupeps shown on the pictu
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Fig. 8: Instrumentation saip for raiativ measuremeof exhaust gas for a DVBED4 Diesel engir

In this experiment, the temperature distributiotoithe pipe is assumed to fit with a Gaussian cuidMaus the
temperature can be parameterized withequation — with . Here isthe

center position of the Gaussian curve into the,y  the width of the curve and the temperature asymptotic vall

is the temperature difference between the asyneptatile and the center value. The center valuesaraed at th
center of the pipe . The concentration of carbon dioxide is assumedoastant through the section of the
and equal t&€,. So the problem needs the identification of foargmeters , , andC,.

The presented results are acquiregirfia 2500rpm engine speed with 40Nm torque. The testyer value from th

thermocouple is 590K and the inversion result atshme position gives 60: the difference between the two value
less than 2%. The molar fraction has been detedriné.8% ad has been compared to the value measured wi

ISFV15 — Minsk / Belarus — 2012



15™ International Symposium on Flow Visualization
June 25-28, 2012, Minsk, Belarus

industrial FTIR analyzer equals to 7.5%. For thése; the difference on the concentration obtainetivden ar
intrusive measurement and the result of the optiwthod value is less than 3%. On the side, the following figure
shows the measured spectrum, the inversion readlttlae difference between these values. On the sgle, the
calculated temperature distribution and the intreisialue for the engine running point is presel
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Fig. 9 : Inversion results on the transmission measuremerat VE-TED4 car engine at 2500rpm and 40Nm toi

The results of the method for this real case andlai to the intrusive data. This study shows thatmethod is actuall
relevant for industrial applications. However it lssne negative points particularly on the acquisitime and som
improvements have to be considered.

CONCLUSIONS AND PROSPECTS

A non4intrusive method has been developed to determimpdgature anconcentration distributions of a gas volur
The selected species is tharbon dioxid for which the high resolution spectrum of radiative properties in the
infrared bandwidth can be reduckeetweel 2380cn to 2400crit where an important thermome' effect exists. The
analysis of spectral datsachieved thanks to a numerical inversion cespecially developed for this application. T
codeis based on an algorithm which uses local mininorabf the radiative intensitygradien value according to the
parameters T and C. It ensumepid convergence tthe best solutionfFor this method,he number of identifiable
parameters is limited aritlis necessary tassume some particularities abthg shape of thdistributions. In order to
limit the number of parametera, Gaussian parameterization of T and Cdistribution has been assumed instea
searching the value for T end €emch point of the grid.he validation of the method has been done on dstintgas
bench by inversion of transssion spectréThe inversion othese measures showed a temperature diffe reduced at
2.5% with the thermocouplealues. The method is applied to carbon dioxidetéonperatures under 1000K and n
atmospheric pressure butet validity of this metho@nd of the direct model mdye extended to other molecul
Moreover, he monochromatic absorption coefficient of , is done with partition functions givevalid up to 3000 K.
Thus, the method is not limited to the exhaustasfengines and could be aied to many other syster
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