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Abstract: A 4-probe multiplexed multi-species absorption spectroscopy sensor system was 

designed and developed for gas property measurements on the intake side of commercial multi-

cylinder internal-combustion (I.C.) engines; the resulting cycle- and cylinder-resolved 

concentration, temperature and pressure measurements are applicable for assessing spatial and 

temporal variations in the recirculated exhaust gas (EGR) distribution at various locations along 

the intake gas path, which in turn is relevant to assessing cylinder charge uniformity, control 

strategies, and computational fluid dynamics (CFD) models.  The diagnostic is based on 

absorption spectroscopy and includes an H2O absorption system (utilizing a 1.39 µm distributed 

feedback (DFB) diode laser) for measuring gas temperature, pressure, and H2O concentration, and 

a CO2 absorption system (utilizing a 2.7 µm DFB diode laser) for measuring CO2 concentration.  

The various lasers, optical components and detectors were housed in an instrument box, and the 

1.39-µm and 2.7-µm lasers were guided to and from the engine-mounted probes via optical fibers 

and hollow waveguides, respectively.  The 5 kHz measurement bandwidth allows for near-crank 

angle resolved measurements, with a resolution of 1.2 crank angle degrees at 1000 RPM.  The use 

of compact stainless steel measurement probes enables simultaneous multi-point measurements at 

various locations on the engine with minimal changes to the base engine hardware; in addition to 

resolving large-scale spatial variations via simultaneous multi-probe measurements, local spatial 

gradients can be resolved by translating individual probes.  Along with details of various sensor 

design features and performance, we also demonstrate validation of the spectral parameters of the 

associated CO2 absorption transitions using both a multi-pass heated cell and the sensor probes.    

Keywords: Absorption, High-Speed, Temperature, Pressure, Carbon Dioxide, Water Vapor, 

Spectroscopy  

 

1. Introduction  

 Exhaust gas recirculation (EGR) is increasingly being used by engine designers to 

decrease engine out emissions while maintaining or improving engine efficiency.  While, NOx 

control using EGR is now an industry-wide norm for engines, the latest generation of 

turbocharged and downsized gasoline engines are also starting to make use of EGR to improve 

knock resistance [1,2].  By effectively increasing a fuel’s octane rating [1] and allowing for 

earlier spark timing, EGR enables improved engine efficiency as well as lower exhaust 

temperatures, which also reduces turbocharger thermal stress.  Additionally, advanced 

combustion modes such as premixed charge compression ignition (PCCI) [3], reactivity 

controlled compression ignition (RCCI) [4], and partially premixed combustion (PPC) [5], which 

are some of the primary engine combustion research areas, require precise knowledge of EGR 

fraction and temperature of the fresh charge being fed into each cylinder, and the associated 

charge-parameter fluctuations.  Therefore, cycle- and cylinder-resolved measurements of the gas 

properties (composition and temperature) are of great interest to engine researchers. Such 
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measurements require a sensor system with multi-kHz measurement bandwidth, which, 

traditional measurement devices such as thermocouples and extractive-sampling gas analyzers 

are not able to provide.  Even the Cambustion FastNDIR [6] series of sampling gas analyzers, 

with their 125 Hz maximum measurement bandwidth, are not fast enough to resolve engine 

dynamics that occur on crank-angle timescales [7].  

 Laser absorption based sensors provide a solution for resolving inter-cycle and inter-

cylinder gas-property transients; specifically, such sensors have been shown to provide multi-

kHz bandwidth for measurements in internal combustion engines [7-14] as well as in various 

other combustion systems including gas turbine engines [15], scramjet combustors [16], and flat 

flame burners [17].  Furthermore, both H2O and CO2 have been used as combustion gas markers 

in these absorption studies.  However, relying solely on H2O as an EGR marker could lead to 

erroneous results due to the use of EGR coolers and fresh charge coolers, both of which work to 

dehumidify the associated gas streams.  As a result, these coolers can remove inlet H2O 

concentration transients, and effectively hide gas dynamics from a downstream H2O absorption 

sensor.  On the other hand, CO2 is not removed by these coolers and as such will provide a more 

accurate characterization of the EGR-air mixing dynamics.  In previous work we have described 

a multi-probe sensor for resolving transient CO2 concentration distributions within an I.C. engine 

intake system [10], using a single CO2 absorption transition calibrated using the average 

temperature and pressure of the measurement environment.  While that single-line sensor is 

capable of sufficient accuracy in the relatively isothermal and isobaric conditions throughout 

most of the intake manifold, it is sensitive to error associated with temperature and pressure 

variations.  For instance, because the amount of light absorbed by a gas-species molecule 

depends on the gas temperature, pressure, and concentration, the single-line sensor cannot 

distinguish between high-CO2 concentrations at high temperature and low-CO2 concentrations at 

low temperature; i.e., hot and cool EGR.  Indeed, such hot and cool EGR exist near the intake 

valve in the form of hot combustion residual backflow from the previous combustion event 

(which is rebreathed) and the cool fresh EGR-air mixture.  Because such advanced 

measurements are relevant to improved EGR characterization as well as assessing combustion 

and cylinder-charge fluctuations, we were motivated to develop the associated sensor 

improvements.  The improved multi-species sensor integrates simultaneous high-speed multi-line 

H2O absorption spectroscopy with the original single-line CO2 absorption spectroscopy; 

temperature, pressure, and H2O concentration are determined from the H2O measurements and 

used in the CO2 absorption calculations to determine CO2 concentration at the measured 

temperature and pressure.  The H2O absorption based sensor was previously developed and used 

for line-of-sight gas property (temperature, pressure, and H2O concentration) measurements on 

the intake and exhaust sides of a diesel engine [7,8].  Here we describe the effort to combine and 

upgrade the two sensors to create a robust probe-based multi-species absorption spectroscopy 

sensor capable of resolving fast transient CO2, H2O, temperature, and pressure distributions via 

simultaneous measurements from four translatable sensor probes.  Validation of the spectral 

parameters of the selected CO2 absorption transition over a typical intake-manifold temperature 

range is presented here, along with characterization of the accuracy and uncertainty of the multi-

species probe-based sensor.  
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2. Absorption Theory 

 The theory of absorption spectroscopy is well established [7-13] and therefore, only a 

brief overview is given here. Laser absorption spectroscopy is a quantitative, species-specific, 

path-averaged, and minimally-intrusive technique that can be used to measure gas temperature, 

pressure and species concentration simultaneously in a medium through which the laser radiation 

is transmitted.  For a fixed set of medium properties (pressure, temperature, and absorbing 

species concentration), maximum absorption occurs when the incident laser radiation frequency 

matches the resonance frequency (single-photon transition between low and high energy levels) 

of the absorbing species.  In the case of gradients along the absorption path, care must be taken 

to account for non-linear dependence of the absorption calculation on gas properties; as 

described in later sections, the probe’s compact, folded-path configuration has a small geometric 

absorption path and mitigates sensitivities to practical intake-manifold gradients.  For a 

monochromatic laser source and a homogeneous gas mixture, this resonant absorption process 

can be described by the Beer-Lambert relation 

𝐼𝐿 𝐼𝑜⁄ = exp⁡(−𝑘𝜈 ∗ 𝐿)                                                          (1) 

where, Io and IL are the incident and transmitted laser irradiance (W/cm
2
), respectively, L (cm) is 

the absorbing medium path length, and kν (cm
-1

) is the single-transition spectral absorption 

coefficient at laser light frequency of ν.  The absorption coefficient can be represented by  

𝑘𝜈 = 𝑃 ∗ 𝑋 ∗ 𝑆(𝑇) ∗ 𝜙𝑉⁡                                                       (2) 

where P (atm) is the medium pressure, ϕV (cm) is the Voigt line shape function, X  is the 

absorbing species mole fraction, and S(T)  (cm
-2

atm
-1

) is the line-strength of the transition at 

temperature T (K).  Temperature measurements may be made via the relative height of two or 

more absorption transition peaks, while the pressure and concentration information is embedded 

both in the Voigt line shape profile through the collisional broadening half-width (ΔνC (cm
-1

) in 

Eq. 3) as well as the partial pressure of the absorbing species.  The collisional broadening half-

width is given by 

 Δ𝜈𝐶 = 2 ∗ 𝑃 ∗ ∑ 𝑋𝑖𝛾𝑖𝑖                                                           (3) 

where, γi (cm
-1 

atm
-1

) is the temperature dependent collisional broadening coefficient.  Therefore, 

all of the target gas properties (i.e. temperature, pressure, and absorbing-species concentration) 

can be extracted from the absorption signal by recording multiple absorption features.  The 

spectroscopic parameters required for absorption-profile calculations were extracted from the 

HITRAN 2004 database [18]. The same H2O absorption transitions, in the 7201-7206 cm
-1

 

spectral region, used in previous work [7] were also used in this study, as these transitions 

provide good temperature sensitivity for the gas conditions expected in the intake manifold and 

the associated spectral parameters have already been verified in literature [19]. For CO2 

absorption measurements, the P20 transition centered at 3697.98 cm
-1

 was used. Spectral 

parameters for the selected H2O and CO2 transitions are listed in Table 1. 
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Table 1: Spectroscopic details for the selected H2O and CO2 absorption transitions [18]. 

Line 

Number 

Transition 

Frequency 

(cm
-1

) 

Line Strength 

(296K) 

(cm
-2

/atm) 

Rotational Quantum 

Numbers 

(𝐽, 𝐾𝑎 , 𝐾𝑐) 

Vibrational 

Quantum Numbers 

(𝑣1, 𝑣2, 𝑣3) 

Lower State 

Energy       

(cm
-1

) 
Upper Lower Upper Lower 

H2O_1 7202.26 2.52E-02 (5,2,4) (5,2,3) (1,0,1) (0,0,0) 446.51 

H2O_2 7202.91 1.15E-01 (1,0,1) (2,0,2) (1,0,1) (0,0,0) 70.09 

H2O_3 7203.66 1.49E-04 (2,2,0) (2,2,1) (1,1,1) (0,1,0) 1742.31 

H2O_4 7203.89 7.38E-02 (5,5,1) (5,5,0) (1,0,1) (0,0,0) 742.08 

H2O_5 7204.17 7.85E-03 (7,4,4) (7,4,3) (1,0,1) (0,0,0) 931.24 

H2O_6 7205.25 2.46E-01 (1,1,1) (2,1,2) (1,0,1) (0,0,0) 79.50 

CO2_1 3697.98 1.27 0 1 (1,0,0,1) (1,0,0,0) 163.87 

 

3. Experimental System and Methods 

 The optical configuration of the sensor system used in this study is illustrated in Fig. 1. 

The entire optical system is installed in an instrument enclosure which is purged with dry N2 to 

prevent absorption of the laser light by ambient humidity and CO2. The system has two 

distributed feedback diode lasers: a 1.39-µm laser (NEL laser with fiber pigtailed output) that 

probes the H2O transitions, and a 2.7-µm laser (Nanoplus laser with collimated free space 

output) that probes the CO2 transition. The output from the fiber-pigtailed 1.39-µm laser (H2O) is 

coupled into a 10:90 fiber splitter (Thorlabs TW1300R2A2), which routes 10% of the light into a 

Fabry-Perot spectrum analyzer (1.5 GHz etalon; Thorlabs SA200-12B) to monitor changes in the 

laser wavelength, and the remaining 90% of the light into a four-way fiber splitter (Thorlabs 

FCQ1315-APC). The four-way splitter divides the light into four equal outputs, each of which 

can be pitched into an individual measurement probe using a single mode fiber (SMF). Because 

fiber splitters are not available at 2.7 µm, the collimated free-spaced output from the 2.7-µm 

laser (CO2) is split into four beams using a multiplexer unit consisting of a series of free-space 

mirrors and pellicle beamsplitters [10]. Each of these four beams can be pitched into an 

individual measurement probe using a hollow-waveguide (HWG). At the probe tip, light from 

the pitch SMF and HWG traverses two measurement ducts and is reflected back to a catch 

multimode fiber (MMF) and catch HWG, respectively.  This arrangement is described in detail 

later in this section.  The catch MMFs and HWGs deliver the respective laser light from the 

probes to photodiodes for absorption measurements.  The instrument uses 4 sets each of Thorlabs 

PDA20CS and Vigo PVI-3TE-5 detectors for measuring the 1.39-µm and 2.7-µm light signals, 

respectively to support four independent measurement probes.  A solid silicon etalon (41.55-mm 

long) was applied for offline wavelength calibration of the 2.7-µm (CO2) laser.  A manifold of 

critical-flow orifices was used to supply continuous and positive N2 purge to the HWGs, the 2.7-

µm laser, and the four H2O detectors, while, the bulk N2 flow (through an external rotameter) 

purges the enclosure and remaining optical components.   
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Figure 1: Schematic of the four-probe multiplexed Two-Color EGR sensor 

The lasers were controlled using a high-performance computer through an integrated temperature 

and current controller (Thorlabs ITC4001) for the 1.39-µm laser (H2O) and a set of ILX 

Lightwave temperature (ILX LDT-5910B) and current controllers (ILX LDX-3620) for the 2.7-

µm laser (CO2). Since this study required high measurement bandwidth, the laser temperature 

was fixed at an optimum value to nominally center the absorption transition(s) in the spectral 

scanning range, and the laser output wavelength was swept across the desired spectral region by 

sweeping the current applied across the laser diode. The 1.39-µm laser (H2O) current was swept 

using a shifted-sawtooth modulation function as shown in Fig. 2a (dotted red curve). The shifted-

sawtooth function is a normal-sawtooth function with a zero-amplitude rest period at the start of 

each scan when the laser is effectively turned off; this rest period not only allows the laser to 

stabilize before each scan starts, but also provides a real-time scan-specific measure of the 

background infrared radiation (from hot surfaces or gases). Also shown in Fig. 2a is the 

corresponding recorded transmission curve (thick blue curve) as well as the etalon output (thin 

green curve) from the H2O channel for a single modulation function scan. Data was recorded 

over 5000 such scans every second to obtain the desired 5 kHz measurement bandwidth.  The 

etalon peak spacing is fixed in wavelength domain by the physical characteristics of the etalon 

(0.05 cm
-1

 for the 1.5 GHz etalon used in this study), and the varying time difference between 

consecutive etalon output peaks in Fig.2a illustrates the nonlinear wavelength response of the 

laser to linear modulation; therefore, the etalon signal is used to quantify and account for the 

nonlinear wavelength response of the laser. Figure 2b shows the modulation function for the 2.7-

µm laser (CO2), and the corresponding recorded transmission curve (photodiode output). While a 

normal sawtooth wave was used for CO2 laser modulation, the laser’s large threshold current 

effectively converts its output into a shifted-sawtooth waveform as seen in the recorded 

photodiode output.  The processed absorption data is shown in Fig. 2c and 2d for the H2O and 

CO2 channels, respectively. The data processing methodology is described in detail in prior work 

[7] and only a brief overview is given here.  The raw time-domain transmission data (IL in Eq. 1) 

is converted into linear wavelength domain using the etalon output for comparison with the 

theoretical absorption model described in the previous section.  This comparison is performed 

using a Levenberg-Marquardt [20] based least-square fitting routine implemented in MATLAB. 

This routine takes the raw time-domain transmission data, the etalon output, and the path length 

as inputs to determine the zero-absorption transmission profile (Io in Eq. 1), and the desired gas 
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properties as outputs.  Typically, direct absorption measurements require the zero-absorption 

transmission profile (of the optical arrangement being used for the measurements) to either be 

measured in a non-absorbing medium prior to the actual measurements or be calculated from the 

measured absorption spectra using the zero-absorption transition wings; however, both these 

conditions impose significant limitations on the accuracy and measurement bandwidth of the 

direct absorption measurements.  The novel iterative scheme used in this study and described in 

prior work [7], on the other hand, computes the zero-absorption profile from the measured 

absorption spectra without requiring the presence of zero-absorption wings; therefore, allowing 

for accurate high-bandwidth measurements even under conditions of transient broadband 

attenuation (which can be caused by factors such as window fouling and beam steering) of the 

laser light. As previously mentioned, scanning of multiple H2O absorption transitions allows for 

measurement of multiple gas properties (T, P, H2O concentration), but the CO2 absorption data 

could only provide information about a single gas property as only one CO2 transition is 

measured.  Therefore, the temperature and pressure measurements obtained from H2O absorption 

were used to process the simultaneously measured CO2 absorption data to determine CO2 

concentration values.  Finally, due to the optical arrangement of the probe, considerable 

etaloning noise was observed in the absorption signals as seen in Fig. 2c.  This etaloning noise, 

which was a result of self-interference of light due to reflections in the probe optics, introduced 

errors in the measurements by distorting the absorption curve shape.  The exact impact of the 

etaloning noise is discussed in subsequent sections.   

 

Figure 2: Raw data from a typical H2O (a) and CO2 (b) signal channel using the shifted saw-tooth 

modulation. Also shown are the respective processed absorption signals for H2O (c) and CO2 (d) 

absorption. (Measurements performed in 300 K humid mixture of 99% [N2] and 1% [CO2]). 
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4. EGR Probe Details 

 The measurement probe used in this study, and illustrated in Fig. 3a, is an upgraded 

version of the probe described in prior work [9, 10].  This compact probe comprises of a 9.525-

mm (3/8-inch) outer diameter (OD) stainless steel (SS) tube which houses the measurement-cell 

optics as well as the optical media to guide the light, i.e. the pitch and catch optical fibers and 

HWGs. An SS collet fixes the fibers and the HWGs in the probe in an optically optimum 

arrangement as shown in Fig. 3b. The SMF (Thorlabs 1310BHP) has 10-µm core diameter and 

0.25-mm OD; therefore, to bolster its structural integrity and strength, the SMF is epoxied in an 

SS sleeve (0.27-mm ID and 0.8-mm OD).  However, the optimal optical arrangement introduces 

a physical interference of the SMF sleeve with the catch HWG and, as also shown in Fig. 3b, the 

SMF sleeve is chamfered on one side to solve this issue. To ensure high catch efficiency, the 

selected MMF (Thorlabs FT800EMT) has a large core diameter and numerical aperture of 0.8 

mm and 0.39, respectively.  A 0.5-mm ID HWG (Polymicro HWEA500850) is used to pitch the 

2.7-µm light into the probe and a 1-mm ID HWG (Polymicro HWEA10001600) to catch the 2.7-

µm light transmitted through the probe measurement cells.  The measurement cell optics couple 

light between pitch and catch media, and also define the two measurement ducts where the light 

beams are exposed to the measurement flow for absorption; these optics consist of a 5-mm 

diameter sapphire window to isolate probe internals from the measurement flow, a 6-mm 

diameter sapphire half-ball lens, and a gold coated mirror.  Light interacts with the gas species in 

the probe’s two measurement ducts formed by the space between the window & lens and the lens 

& mirror.  After exiting the pitch media, the light traverses these measurement ducts twice to 

reach the catch media resulting in an absorption path length of 12mm in just 8mm of physical 

footprint. For mounting the probes on the engine, the only change required on the base engine 

hardware is the installation of a 3/8-inch Swagelok connector; a non-swaging graphite ferrule 

can then be used to allow probe translation for spatial mapping studies with 8mm spatial 

resolution. 

 
Figure 3: a) A sectioned view of the optical arrangement in the measurement tip of the Multi-Species 

EGR Probe; b) illustration showing the optical arrangement in the Multi-Species probe collet. 
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5. Sensor Validation 

5.1 - CO2 spectral transition validation:  HITRAN parameters are reported for room temperature 

conditions and may not be valid at elevated temperatures; furthermore, even for room 

temperature measurements, the HITRAN parameters have a reported uncertainty of up to 5%.  

Therefore, measurements were performed in a heated gas cell to validate the spectral parameters 

for the selected CO2 absorption transition. Gas temperature in the intake manifold is not expected 

to be higher than 500K due to the presence of the charge-air and EGR coolers; therefore, the 

validation was performed for a gas temperature sweep from 300K to 500K in 50K steps. As 

illustrated in Fig. 4a, the 400-mm long high-temperature gas cell features recessed sapphire 

windows for a net line-of-sight absorption path length of 120mm in the middle of the cell. The 

recessed windows help in reducing any temperature gradients along the absorption path length. 

Figure 4b shows the assembled calibration setup used for this study. The cell was instrumented 

with four thermocouples (Omega KMQSS-125-E6) to monitor temperature uniformity across the 

absorption path length and all the thermocouples read within 5K of each other at all validation 

temperatures; indicating uniform temperature across the absorption path. For analysis, the 

measurement cell was filled with a dry mixture of 1% CO2 and 99% N2, and the entire laser path 

outside of the measurement region (outside of the 120 mm absorption path indicated in Fig.5a) 

was purged with N2 to prevent interference by atmospheric CO2. As shown in Figure 5, very 

good agreement was achieved between the experimentally measured spectra and the theoretical 

absorption fits at all temperatures. Figure 6 shows average (of 1 second of data at 5kHz) 

measured CO2 concentrations for three independent temperature sweeps, and illustrates the 

similarly good agreement between measurements and reference; specifically, the measurements 

are within 2% of the reference concentration, and the single-shot (5 kHz) standard deviation was 

only ~0.5% (cf. error bars on the 350K data). Significantly, these mean and standard deviation 

values were calculated from the cumulative data of the three different temperature sweeps, which 

were all conducted on different days.  The excellent agreement between the experimental and 

theoretical absorption profiles in Fig. 5, and the measured and reference values in Fig. 6 validate 

the spectroscopic parameters used in the calculations over the desired gas property range. 

 
Figure 4: a) Disassembled gas cell showing the offset windows designed to provide a near uniform 

temperature across a reduced path length; b) setup for CO2 spectral parameter validation at elevated 

temperatures 



 9 

 

 
Figure 5: Sample experimental CO2 absorption curves recorded at gas temperatures of 300K (circles), 

400K (squares), and 500K (triangles) along with the respective theoretical model fits (red lines). These 

non-averaged curves capture absorption across a path-length of 120mm in a 1 atm. medium of 1% CO2. 

(5000 such curves are recorded every second). 

 
Figure 6: Measured CO2 concentrations at various temperatures from 300 to 500K for three independent 

temperature sweeps. All measurements are within 2% of the reference concentration with a single shot 

standard deviation of up to 0.5%. 

5.2 - Multi-Species EGR Probe performance validation: Measurements were performed in a 

laboratory flowing-gas cell to validate the probe-based sensor performance. As shown in Fig. 7, 

the validation setup consists of a gas cell that can simultaneously accommodate four EGR 

probes, five thermocouples, and a pressure sensor. The reference gas was synthesized by mixing 

desired proportions of bottled dry N2 and CO2 standard using a 10-point gas divider (Stec SGD-

710C). This dry gas mixture was then humidified by passing it through an H2O bubbler-

condenser assembly, and subsequently heated to the desired temperature before being fed into 

the gas cell for absorption measurements. Validation was performed using a 0.2-2% dry-mixture 

CO2 concentration range at gas temperatures of 300 K, 430 K, and 505 K, and constant 1-atm gas 
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cell pressure. In initial evaluations, the presence of etaloning was observed in both the H2O and 

CO2 absorption signals; moreover, the etaloning patterns changed with shaking (movement) of 

the probes and/or the fibers (hereby referring to both the optical fibers and HWGs). As 

mentioned earlier, etalons distort the absorption curve shape and introduce measurement errors; 

therefore, multiple tests were performed to capture the impact of the changing etalon profiles on 

measurement accuracy. After achieving the desired steady state temperature, the dry-gas CO2 

concentration was swept from 0.2-2% without disturbing the probes or the fibers to ensure that 

the etaloning did not contribute to the measured standard deviation; i.e., measurements were 

performed at a fixed or stable etalon spectral pattern.  After a CO2 sweep, the fibers were shaken 

to induce a different etaloning mode, and the CO2 concentration sweep was repeated after the 

fibers came to a rest and a new fixed etalon mode was established. In all, ten such sweeps were 

performed to establish statistics for characterizing the effect of vibration-induced etalon changes 

on the sensor measurements. Tables 2, 3, and 4 show the sensor validation results at the three gas 

temperatures.  The standard deviation recorded within a sweep (i.e., at a fixed etalon mode and 

no vibrations) primarily originated from the electronic noise in various sensor components and 

therefore, represented the ‘intrinsic’ uncertainty as listed in the tables; on the other hand, ‘etalon-

induced’ standard deviation (as listed in the tables) is the standard deviation of the mean gas 

properties recorded across the ten measurement sweeps (or ten different etalon modes) and 

originates from the absorption-curve distortion caused by the changing etalon profiles.  In all the 

cases, ‘etalon-induced’ standard deviation was significantly higher than the corresponding 

‘intrinsic’ standard deviation; therefore, this illustrates the severe uncertainty penalty imposed by 

the presence of etalons and the sensor performance benefits that would be achieved by 

eliminating all etalons form the signal. For all the recorded cases, mean values of the measured 

gas properties were within 10% of the reference values. As shown in Fig. 8, the average 

measured CO2 concentrations matched very well with the standard concentrations supplied to the 

gas cell at all three temperatures; the measurements were within 10% of the reference values for 

concentrations above 0.4% CO2.  The ‘inter-probe’ standard deviation is the variation between 

the mean measurements of the four probes and was observed to be comparable to the measured 

intrinsic standard deviation for room temperature measurements. Furthermore, the ‘inter-probe’ 

standard deviation was only defined for room temperature measurements as at high temperatures 

each probe will be exposed to a different gas temperature due to cooling of the reference gas as it 

flows along the uninsulated gas cell; additionally, with the inter-probe variability established at 

ambient temperature, data from a single probe was sufficient to validate sensor performance at 

high temperatures.  The low inter-probe deviation indicates that large-scale gradients (e.g., across 

an intake manifold, and beyond the range of single-probe translation) may be faithfully resolved 

by comparing measurements from separate probes arrayed across the gradient.  Overall, based on 

the recorded 2σ standard deviations, the detection limit for both the H2O and CO2 concentration 

measurements can be defined as 0.4% (ca. 3% EGR for around 13.3% exhaust CO2 levels).  

Typical EGR values are 5% for gasoline and 10% for diesel, although much higher values are 

possible.  The measured CO2 detection limit is, therefore, appropriate for engine applications. 
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Table 2: Sensor validation data at 300 K gas temperature and ambient pressure 

 Sensor Meas. Mean 

Std. Dev. 

Intrinsic 
Etalon 

Induced 
Inter Probe 

Temperature (K) 300 6 18 4 

Pressure (atm) 1 0.08 0.12 0.08 

% H2O  2.1 0.05 0.25 0.07 

% CO2 - 0.04 0.17 0.04 

Table 3: Sensor validation data at 430 K gas temperature and ambient pressure 

 Sensor Meas. Mean 

Std. Dev. 

Intrinsic 
Etalon 

Induced 

Temperature (K) 401 12 29 

Pressure (atm) 1.1 0.08 0.14 

% H2O  2.2 0.06 0.22 

% CO2 - 0.07 0.18 

Table 4: Sensor validation data at 505 K gas temperature and ambient pressure 

 Sensor Meas. Mean 

Std. Dev. 

Intrinsic 
Etalon 

Induced 

Temperature (K) 485 22 33 

Pressure (atm) 1.2 0.08 0.09 

% H2O  2.2 0.06 0.2 

% CO2 - 0.12 0.18 

 

Figure 7: Laboratory arrangement for sensor validation 
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Figure 8: CO2 concentration sweep at different gas temperatures. 

6. Engine-Application Demonstration 

Figure 9 shows an application of the Multi-Species EGR Probe diagnostic to measure CO2 and 

H2O transients in the intake system of an operating multi-cylinder engine; these are at the 

instrument native temporal resolution of 5 kHz, and without any point or cycle averaging.  The 

measurements show EGR transients over a wide range of timescales (high and lower frequency), 

and synchronous CO2 and H2O variations.  Similar data can be acquired at various probe 

positions/locations for spatiotemporal engine-system mapping.  While the main intent herein is 

to describe the instrument, Figure 9 demonstrates an engine application of the multi-species 

probe.  Other engine applications have been published using earlier versions of the EGR Probe 

[9,10].  We intend a separate publication to focus on engine applications of the multi-species 

probe.   

 
Figure 9: Measurement of high- and low-frequency CO2 and H2O transients in the intake system of a 

multi-cylinder engine during operation with EGR. 
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7. Conclusions 

A four-probe-multiplexed Multi-Species EGR Probe diagnostic was designed and developed to 

perform high-speed (5 kHz) measurements of gas temperature, pressure, and H2O and CO2 

concentration in the intake manifold of IC engines. The diagnostic is implemented via probe-

based measurements which allow for spatial mapping of property distributions via single-probe 

translation, and on-engine measurements with minimal modifications to the base engine 

hardware; furthermore, 4 probes can be utilized simultaneously to map larger-scale property 

gradients via multi-location measurements. The spectral parameters of the chosen CO2 

absorption transition were verified using a high-temperature gas cell for the temperature 

conditions expected in the intake manifold. The CO2 concentration measured by the spectral 

model was within 2% of the reference concentration and the single-shot standard deviation was 

~0.5%. Measurement accuracy and standard deviation of the multi-species probes were also 

characterized in a gas cell. While the single shot standard deviation was observed to be within 

5%, the presence of etalons induced by the probe had a negative impact on the sensor accuracy; 

the sensor measurements were nevertheless within 10% of the reference values. Future iterations 

of the probe optics will be designed to reduce or eliminate the etalons to further improve the 

sensor accuracy and uncertainty. Replacing the window and the half-ball lens with a custom-

designed rod lens will eliminate two parallel surfaces (of the window) and result in lower 

etaloning levels. AR coating of the fiber tips would also be employed to further reduce back-

reflections. In application, measurements performed using the Multi-Species EGR Probe 

diagnostic will provide insights into the spatio-temporal variations of the gas properties, which 

are critical for assessing hardware configurations, calibrating and validating CFD models, and 

developing control strategies to advance research in higher-efficiency engine systems.  
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