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Abstract— Pollutants interfere with light, restrict its reflection and so impair visibility. Scene visibilitylevel is therefore used as a
measure of air quality and pollution. Treating emision efflux as “some additional noise causing visiity impairment,” this work
examines if the extracted visibility index from a hermal infrared (TIR) image can help in qualitative assessment of combustion
efficiency. The thin-film regime like two dimensioral TIR images of unleaded-petroleum run vehicles’ xhaust-plumes were first
accommodated for time and space related compositiaheffects. The estimated ratios of visibility indies obtained from two sequential
TIR images of the same exhaust plume were comparedth their respective electrochemically sensed leleof oxides of nitrogen and
combustibles. Initial results suggest that visibitly indices extracted from TIR images of emission 8tix would help in distinguishing low
from high levels of emissions. TIR images can thefi@re assist in qualitative assessment of engine cbostion efficiency.
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l. INTRODUCTION

Both primary and secondary pollutants behave likdigles in the atmospheric air. Primary pollutaetsult from a combustion
process whereas secondary pollutants are formed thleeprimary pollutants interact and trigger sarhemical reactions [1,2,3].
Pollutants scatter back radiation into space, bectm nucleus of raindrops, cause irritation to &mrtungs and throats and
reduce visibility [2,3].

The Oxford English dictionary defines visibility &he condition, state, or fact of being visiblel]] In everyday conversation,
visibility relates to the appearance of a vistgpoospect. Visibility impairment therefore relatesa noticeable change in the
appearance of a prospect, scene or vista. Undenah@tmospheric conditions, presence of ambiergléeuf fine particulates
(sulfate compounds, nitrate compounds, carbon elesneoil compounds and compounds of other orgardtters) does not
impair human visibility. Pollutants, when addedat@iew interfere with visibility and obstruct cleabservation of scenes [5,6].
Visibility can be measured using one of the sevavalilable methods reported in [6,7]. Measuremehttmospheric visibility
have been employed for determining air quality)yimn and presence of particulate matters andayesspecies [5,6,8].

Visible-spectrum imaging has been successfully eyga for monitoring air quality changes throughreieation of visibility
parameters [5]. However, visibility measurementinitthe visible spectrum can be illumination vatiand less sensitive to the
scene variations. The visible spectrum images therecannot provide highly accurate visibility inds under lighting and
brightness conditions. Thermal infrared (TIR) inragallows illumination-invariant measurement ofuasand thermal features
of ambient environment [9].

The spectroscopic and thermographic techniquepiande reliable estimates of the mass flow ratesthe concentrations of
species within the combustion exhaust efflux [1Q,1Bheoretically, identifying molecular species amdtimating their
concentration within a plume sample are attainalille either TIR imaging or spectroscopy. Howevérserved spectral features
cannot provide readily interpretable informatioroabthe molecular concentrations of the specieiwithe exhaust plume
[10,13].

The infrared emission from the molecules within @s@pus medium can be directly influenced by thep&ature and
concentration. Thus the two most important piedéaformation, absolute radiant intensity and rekatspectral shape are easily
lost, particularly in optically thin gaseous regen@hough several methods and techniques havedmaoped to estimate the
spatial and temporal variations in temperature,itibensities of measured spectral features canedlitectly related with the
molecular concentrations of species within the eghaplume [10]. Hence, interpreting combustion océficies from
thermographic information is a tedious task thablwes stoichiometric estimations and complex tradymamic calculations.
Nonetheless, TIR imaging has demonstrated the tiakéor possible application in non-invasive engicombustion analysis.

This work explores the possibility of using TIR igiag for qualitative assessment of unleaded petroleun light passenger
vehicle emissions under normal atmospheric contitidhe exhaust emissions are treated as addeel taoas TIR scene. The
atmospheric visibility in a TIR scene is then usedexamining the influence of exhaust plume on\tsgbility. The measured
indices of visibility are compared with the levelsoxides of nitrogen and combustibles for quakltassessment of unleaded
petroleum run engines’ combustion efficiencies. Tineposed approach is expected to lessen our celian the prevailing
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methods of combustion efficiency monitoring andrétiere will help combustion regulatory bodies istaiguishing acceptable
from unacceptable levels of vehicle emissions.

The following sections respectively present sonmevent theoretical information, employed experinaémtesign, a proposed
visibility measurement algorithm, results and asialyThe work is finally concluded at the end.

1. THEORETICAL BACKGROUND

Behaving like gas particles, pollutants interacthwlight through absorption and scattering. Consetjy, the interaction
between particles and light causes: light scatjebiyn particles, light scattering by gases, light@ption by particles and light
absorption by gases. Particles cause scatteritightfcoming from the objects and thus affect thvsibility [6].

In volumetric terms, a great majority (more tha®®@f internal combustion engine emissions const#CQ, H,O and N
[10,11]. In a typical emission exhaust sample,rdmaining constituents are: oxides of nitrogen ¢§N@arbon monoxide (CO),
unburned hydrocarbons, partially oxidized hydrooad) sulfur dioxide (S§), particulates and smoke [10,14]. The J&nission
results when a hydrocarbon fuel is combusted neabove stoichiometric conditions. The produced; $@ically include SO,
S0, S0, SQ, SG; and SQ. However, only S@and SQ are of greater importance in combustion studid$. lh a combustion
efflux, oxides of nitrogen generally include nitesg monoxide and nitrogen dioxide but may also idelwmitrous oxide and
nitrogen tetroxide [10,14]. In most high-temperat@ombustion processes, the exhaust plume woulalysiontain oxides of
nitrogen that rapidly combine with the atmosph&jcand forms N@, a reddish brown gas [14]. N@ontributes to formation of
smog and acid rain. In cases of incomplete fuel lmgstion, two types of combustibles; CO and volatitfganic compounds
(VOCs), are produced [10,14]. CO is a flammabldprbess non-corrosive gas. VOCs are low-moleculaigitt aliphatic and
aromatic hydrocarbons. Typical VOCs include acetdmenzene, chloroform, formaldehyde, methanol ahgdehe and so they
can cause photochemical smog when released intti@sphere [14]. Particulates are also produced @t of combustion
process. The produced particulates look dirty &irtliarious forms and can contribute to smog [P4irticulate matters, oxides of
nitrogen and SQalso contribute to the visibility impairment [15].

TIR imaging measures the radiant electromagnetarggn(expressed in radiance Watts/steradiaf)-amithin the infrared
region of electromagnetic spectrum. Basically, Brcamera would collect heat energy measurementstrandform these
measurements into a voltage signal. In other wdtus,digital counts are transformed into radianakies, which in turn, are
converted into temperature measurements usingniesivity estimates of the target object [16].

The ability of a particular compound, that is pafrta combustion efflux, to emit or absorb radiataan be exploited for its
characterization and identification [9,14]. Thetfdwat no chemical species can emit or absorb tiadibeyond a particular band
of electromagnetic spectrum has been helpful in dékection of species within combustion product$4917,18].

Il. EXHAUST EFFLUX FLOW AND DIFFUSION

For the purpose of combustion quality analysisexdmaust efflux could be treated as a mixture dy/fahd partially burned gas
particles [2,3]. The unstable eddies in the air Mazause such a plume of combustion exhaust tagivand disappear in the
atmosphere. Transport of any concentration of pentits within the exhaust plume would typically ihxa transport of matter;
transport of momenta in the flowing medium; and$@ort of energy. These three transport processegoverned by a set of
well defined physical principles. These processe&tbeen described using well-defined mathematicalels [2,3,12].

The kinetic theory of gases and the Fick’s law edithdiffusion suggest that the exhaust efflux tiaff®m the regions of high
concentration to the regions of low concentratibhe relevant physical laws provide a framework doalyzing the exhaust
efflux and pollutant diffusion. The exhaust efflard pollutant diffusion modeling approach emploiyethis work was validated
using the methods and techniques proposed in I#. major assumption behind the employed efflux poldlitant diffusion
approach was that any turbulent diffusion wouldules the pollutant dispersion. Therefore, for amequate approximation,
general diffusion equations were used to estintetetfect of turbulence on the efflux diffusion.

The concentration of a pollutant at a certain pamsiin a gaseous medium would, in time, distriboxer the entire expansion
of the gas [2,3]. If the sample volume is carefyligked, the molecular diffusion can be consideaedhinor factor in the
distribution of pollutants [1,2,3]. This can be emstood by considering the effect of diffusion dme tconcentration
C(x,Y,2) =C(r) of a diffusing substance defined as:

C=—-. )

M is the mass and V is the sample volume of thiusiifig substance in equation 1. If a sample iscgéstesuch thadAV can be
assumed to be appropriately proportiona¢a being the mean free path between the diffusinggbes) then it becomes easy to
accommodate for a change@with the time [1,2]. AlsoC(r) is assumed to be a continuous and differentialmetion. With a
proper sampling approach, tBecan be significantly reduced. Therefotegets very small and the change in mass voluméean
assumed as negligible. In this work the thermalgesaof the exhaust effluxes were taken at the esthaigin. Each image was
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then divide into two equal pixel-size images argtéad of estimating the magnitude@fthe rate of change i@ within the two
segments of the same image was used to estimatgsihdity indices that prevailed in the two indiwal segments of a TIR
image.

Another factor, the flow of gases also influendas pollutant concentration and their distributi@3]. Two measures were
taken to control this factor. Firstly, an instargans image of exhaust efflux was taken at the esthautlet leaving very little
time for the gaseous mixture to flow away or mixthwihe atmosphere [12]. Secondly, instead of logkat the overall
concentration of pollutants in the efflux samplee tchange in the pollutant concentration within the® segments of an
instantaneous thermal image was taken into accfmintombustion quality assessment. Thus the inflaeaof air flow was
minimized.

V. EXPERIMENTAL DESIGN

Five unleaded petroleum-run vehicle engines westeteat a predetermined engine speed of 2000 temwduper minute. A
long-wave (8.0-14.¢um) infrared camera was used for thermography swhrk. The camera was set half a meter away, rlorma
to the exhaust efflux stream, to ensure a congisteth pre-determined Field of View. The thermal ges of exhaust emissions
were taken right at the exhaust pipe outlet to miré the effects of rapid mixing and dispersiorpofiutants in the atmosphere
[2,3]. Also, efforts were made to avoid a turbulatthosphere while capturing the exhaust plume image

In order to avoid any complex background, a lowssinity background (Styrofoang, = 0.50-0.55) was used during the
thermal imaging. An electrochemical-sensors suggotmission/combustion analyzer was used for eomsanalysis and
measuring the combustion efficiencies of the testelicle engines. Figure 1 exhibits the infraredaging and combustion
analysis arrangements and an acquired thermal infagimission efflux.

Figure 2 exhibits the visible-spectrum and lineamhanced TIR images of a Honda Civic’s engine eshplume.

V. SCENEVISIBILITY -LEVEL MEASUREMENT

The levels of brightness in the TIR images, meaktineough the pixel grey-levels, was helpful inatatining the visibility
indices of images [6,8,19]. An 8-bii<£8) TIR image like the ones acquired for this wowlork result in 0-255(H)? =256], grey-
levels such that O represented a dark black pin@2%5 represented a bright white pixel [19].

The TIR image pixel grey-levels have been charasdrinto two distinct information pieces: reflaeta and illumination [20].
Reflectance corresponds to the amount of ligheotfld by a surface (of a view) and illuminationresponds to the amount of
light incident on that surface. The fast spatiafiatéons in a TIR image of a scene usually repreiam amount of light being
reflected whereas its illumination is representgdhe slow spatial variations. This distinctive uvat of spatial variations can be
exploited through application of Homomorphic filtey [20]. The Homomorphic filtering technique helps separating these
spatial variations. Thus the prevailing visibiligwels can be computed through the varying nattispatial variations [9,21].

A Homomorphic filter can estimate the levels oftigdavariations using two different parameters. elenthe emission efflux
could be separated from the background of a TIRyerend the foreground intensity (exhaust plumejdcbe easily estimated.
Establishing the relationship between the inten&tyvisibility impairment) of an emission effluxnd the measured levels of
pollutant emissions provide useful qualitative mnfiation about the combustion efficiency.

Page3 of 7



2009-08-22 07:03:07 e=0.80 +0- +500 FOV 232=1.0

Fig. 1. Top- thermal infrared imaging set up,
Middle- combustion analysis set up, and
Bottom -an exhaust plume thermal infrared
image.

Fig. 2. Top: The original plume exhaust TIR
image of a 2003 model Honda Civic.
Bottom: The same image after linear-
enhancemer
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The Homomorphic filtering based algorithmic appto@&enployed to estimate the visibility indices o€ ttmission efflux TIR
images is described in the following paragraphs.

1. Letthe acquired TIR imaggr, c) be a product oReflectanceR(r, ¢) andlrradiancd(r, c).
2. Assuming that thé(r, c) varies within the image, the variation lifr, ¢) would cause some multiplicative noise that is
usually such that the measured irradiance in &&mxhaust plume TIR imagelis, ¢) <<R(r, c).
This would warrant a correction to transform thewailing multiplicative noise into a measure of iigd noise
according as,

log[g(r,c)] = log[R(r,c)] +log]l (r,c)] ;
The Fourier transform of the corrected TIR imagg[(r, c)] is obtained;

The added noise, log(f, c)] is eliminated by applying a high pass filteth@ outcome of step 2;
The inverse Fourier transform of the outcome g &és obtained as:

6 (r,c) = O7[H (u,v)HKlogl g(r, o)l :
6. Taking the exponential values @(r,c) at every(r,c), an averaged TIR is obtained by translating eagiomential

value (realized in step 5) into a correspondingy-geeel between 0 and 255;
7. The grey-levels in the averaged TIR are then usetttermine the intensity of foreground pixelsifilgy impairment).

urw

Fig 3. The original (top) and enhanced
(bottom) TIR images of the same 2003 model
Honda Civic after the algorithmic treatment.

VI. RESULTS ANDANALYSIS

This work employed the time and space-averagedriedrimages of emissions for determining the igjtiatio of the two

sequential images. The employed approach resultad estimate of the visibility impairment withimet prevailing atmospheric
conditions.

Figure 3 (posted close to Figure 2 above) demaestiaow the proposed algorithm would change theavisontents of the
exhaust plume TIR images. Figure 3 actually shoms the TIR images shown earlier in Figure 2 woubdrge as a result of
applying the filtering algorithm.

The ratio of the estimated Homomorphic filter ireBaH) for the two images of each vehicle plume, therasured levels of
CO, CQ, NO, NG and respective combustion efficiencies are regdrtéable 1.

Figure 4 exhibits the relationship between theogabdf visibility indices and levels of measured NCthe five engines. The
shown relationship corresponds to a correlatiorffiodent of 0.8012 and a linear regression lire).000433x+0.808

The relationship between the ratios of visibiliglices and levels of measured Ni@ the five engines is shown in Figure 5.
The shown relationship corresponded to a correlateefficient of 0.7942 and a linear regressior ¥in0.00041x+0.808

Similarly, Figure 6 exhibits the relationship beémethe ratio of visibility indices and the levels measured combustibles
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measured in the first four cars described in Tdbl&he level of combustibles measured for the fifdn, a 2003 model Honda
Civic, was not included in this analysis. The exeith relationship corresponded to a correlatiorffament of -0.826 and a linear
regression ling=-0.176x+0.862

Though a small set of exhaust plume TIR images aeaslable for this work and the tested car-engihad very similar
combustion efficiencies (81.2% - 85.3%), these Itesseemed encouraging and promising. Based oroliBerved results, it
would be safe to assume that a low combustionieffay engine would be easy to distinguish from ghtefficiency one using
the proposed algorithmic approach.

A reliable estimate of the concentration of spewighin the exhaust plume could not be made thraihgise observed results
and relationships. Nonetheless, the observed lgilfand visibility impairment) estimates readibrovide some interpretable
information about the variations in the levels aflaaded petroleum-run combustion engines’ operati@ificiencies. In
particular, having a strong correlation coefficiégteater thart0.8), the levels of NO (in ppm) and the amount ahbustibles
seem to be reflecting well on the observed vigipihdices.

TABLE |
COMBUSTION ANALYSIS RESULTS OFFIVE UNLEADED-PETROLEUM RUN
CARS
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Fig 4. The ratios of visibility indices vs. the nseiaed levels of NO.
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Fig 6. The estimated visibility indices vs. the s@@d levels of combustibles.
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It must be noted that the near-linear nature ofréhetionships obvious in figures 4, 5 and 6 iselolasn analyses of a small set
of passenger vehicles having similar (electrochallyiomeasured) combustion efficiencies. These imahips might require
further validation through an extension of this koA larger database of exhaust efflux sample cgnfiom various types of
engine running on the same fuel might reveal thength and weaknesses of these results. Also,dimguehicles of varying
engine conditions and different ages in a largealslse of exhaust efflux sample and testing thebehes in different driving
and operating conditions might help.

VII. CONCLUSION

This work treated unleaded petroleum run engineaeshemissions as added noise to the prevailingsgtheric conditions
within the TIR images and measured the influencextiaust plume on the visibility for qualitativelgtermining the combustion
efficiencies. A Homomorphic filtering based algbritic approach was employed to compute the vigjhititlices in the plume
exhaust TIR images. The observed relationshipsdmtthe ratio of visibility in the two sequentiahaust plume images and the
(separately) measured levels of combustibles andesxof nitrogen seemed to be providing some usafid interpretable
information about the combustion quality of teséedjines. The reported initial results were encdatagnd suggested that TIR
imaging of exhaust plume might help combustion &gy bodies to distinguish acceptable from unptadae levels of vehicle
emissions. These initial results require furthelidagion though. A larger database of exhaust plurtiR images (taken from
engines running under varying operational and gumesc conditions) will be required to test andidaie the proposed
algorithmic approach and verify the observed result
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