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ABSTRACT

A high-speed in-situ laser absorption sensor has been devel-
oped for cycle-resolved emissions analysis in the exhaust man-
ifold of production-scale internal combustion engines. An in-
line sensor module, using optical fiber-coupling of interband
and quantum cascade lasers, targets the fundamental rovibra-
tional absorption lines of carbon monoxide and nitric oxide near
5 um in wavelength. The sensor module was integrated into a
commercial EPA-certified natural gas spark-ignition generator
operated at 3,300 rpm for measurements of exhaust pulse tem-
perature, CO, and NO concentrations at a rate of 10 kHz. Novel
high-temperature optomechanical design enabled in-stream sen-
sor coupling near the exhaust valve with local gas temperatures
up to ~1200 K and valve to sensor gas transit times on the or-
der of milliseconds. Measurement results reveal high degrees of
intra-cycle and cycle-to-cycle variations which are otherwise un-
detectable with standard emission gas analyzers. Sensor response
to variations in fuel composition were evaluated by introduction
of 1-10% NH; or H, into the natural gas fuel system. The ef-
fects of fuel blending on exhaust emissions of CO and NO were
well-distinguished even at 1% volume fraction, and the sensor
captured both intra-cycle and cycle-averaged emissions differ-
ences between the three fuel types. Measured concentrations of
CO and NO ranged from 0.1-2.8% and 30-3500 ppm with de-
tection limits of 0.07% and 26 ppm, respectively. The exhaust
sensor presented here has potential for integration with real-time
control systems to enable adaptive optimization of polyfuel inter-
nal combustion engines to meet the need for flexible, low-carbon,
on-demand energy conversion.

Keywords: IC engines, emissions, natural gas, ammonia,
hydrogen, intra-cycle, high-speed sensor

1. INTRODUCTION
Internal combustion (IC) engines are widely used for trans-
portation but also provide efficient on-demand distributed elec-

*Corresponding author: kschwarm@g.ucla.edu
Documentation for asmeconf . cls: Version 1.30, June 9, 2023.

trical power in case of power outages. However, in these appli-
cations, gasoline or diesel fuel usage is slowly decaying owing to
high carbon emissions. Policymakers have encouraged shifting
towards natural gas (NG) because of its lower CO, emission fac-
tor; natural gas emits 25% less CO, than gasoline for the same
heat release [1]. Natural gas engines are commercially available,
but if tuned incorrectly for a given load or fuel blend, can suffer
from poor performance and cycle-to-cycle variability caused by
combustion instabilities, especially when operating fuel-lean for
increased efficiency [2]. Further reducing engine carbon foot-
print can be achieved by employing renewable or carbon-free
fuels, such as ammonia (NH3) and hydrogen (H,) [3]. However,
IC engines running on neat NH; or NH3/H, mixtures present some
disadvantages, including potentially increased NO, emissions and
limited availability relative to their natural gas counterparts.

Stable combustion of pure NHj in IC engines is difficult
to achieve, and experiments in research engines tend to use the
addition of H, to enhance ignition performance. Mercier et al.
showed that partial on-board cracking of pure NHj; (to form H,)
improved the engine stability, even at low loads [4]. When blend-
ing 5-10% H, in NH; by volume, indicated thermal efficiencies of
approximately 36% near stoichiometric air-to-fuel ratio operation
were achieved [4, 5], comparable to typical efficiencies of NG en-
gines [2]. Recent progress demonstrated that brake-specific CO,
emissions could be reduced by 28% by blending 50% NHj by
volume in natural gas while maintaining stable performance in a
6-cylinder engine originally employed for city buses [6]. With
fixed timing of ignition and fuel injection, Moreno et al. found
that H, addition to CH, decreased the brake-specific CO, emis-
sions but increased the brake-specific NO emissions, although
this could be mitigated by running the engine at leaner con-
ditions [7]. Blending NH; and H, in natural gas represents a
potential strategy for easing transitions to carbon-free combus-
tion while also providing engine operators with the flexibility to
quickly respond to new policies and fluctuations in fuel avail-
ability / cost-efficiency, which often occur on faster timescales
than those of engine or generator replacement. Thus, there is a
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FIGURE 1: LEFT: DESIGN MODEL OF EXHAUST SENSOR MODULE WITH OPTICAL ARRANGEMENT FOR MULTI-PATH, MULTI-PASS BEAM
GEOMETRY. MIDDLE: SENSOR INCLUDING OPTICAL FIBERS AND KINEMATIC MOUNTING SYSTEM INSTALLED WITH THE MODIFIED EX-
HAUST PIPE ON THE HONDA EU7000IS ELECTRICITY GENERATOR. RIGHT: OPTICAL BREADBOARD SETUP WITH LIGHT SOURCES AND

OPTICS.

need to improve the performance and adaptability of IC engine
architectures that can sustain reliable and efficient operation with
a wide variety of low-carbon fuel compositions.

IC engine operation with varying load, RPM, and fuel com-
position is well established, with a variety of methods available
that aid the implementation of these novel fuels. For instance,
variable spark timing is essential to account for the wide range
of ignition delays encountered in NH;/H, blends [5]. Further op-
timization can be achieved using variable valve actuation (VVA)
systems that can adjust one or several parameters of the valve
lift profile (e.g., amplitude, duration, and timing). Among the
several VVA types explored thus far, the camless VVA system
provides superior control flexibility of the entire valve lift pro-
file [8]. For real-time engine optimization in response to varying
fuel-blend composition or user demand, spark timing and valve
actuation must heavily rely on feedback control informed by sen-
sors which monitor engine performance and emissions in the
exhaust manifold. If fed with low-latency intra-cycle data, the
camless concept can rapidly adapt ignition, fuel, and valve con-
trol to respond to higher-frequency (>Hz) combustion behaviors.
Such an increased level of performance can only be achieved if
the VVA system is paired with sensors that are fast (>kHz), quan-
titative, and capable of reliable operation in the harsh conditions
of an IC engine exhaust manifold. In addition to measurement
time resolution, the coupling of such sensors as close as possible
to the combustion source, such as with minimal distance between
the exhaust valve and an exhaust gas sensor, is critical to fast
control.

Exhaust measurements can be performed with well-
established gas analyzers, which typically include electro-
chemical (EC) sensors, non-dispersive infrared (NDIR), and
flame ionization detectors (FID). Electro-chemical sensors are
cheap, low power, and compact, but struggle in species sensi-
tivity and selectivity, especially when faced with a moist high-
temperature environment [9]. For this reason, the exhaust gas
typically must be treated (usually desiccated to remove water)
to prevent contamination or measurement interference. Non-

dispersive infrared sensors for species detection rely on broad-
band light absorption for enhanced selectivity, although applica-
tion is limited to certain strongly-absorbing species (e.g., CO,).
Moreover, routine calibration is also usually required for these
sensors as their response tends to deviate with time and use. In ad-
dition to the aforementioned difficulties, typical time-resolution
of conventional sensors is commonly on the order of seconds
and cannot resolve the Hz- to kHz-scale processes of interest in
combustion systems that can affect performance. Recently, some
NDIR sensors have been developed for kHz-rate measurements
of gas properties in IC engines [10, 11]. However, these systems
still require calibration to be quantitative and are limited in their
target species due to interference associated with poor spectral
resolution.

This work details the development of an in-situ exhaust man-
ifold sensor for time-resolved measurement of exhaust gas prop-
erties in production-grade IC engines. The work presented here
is part of a broader effort to provide rapid detection and feedback
of regulated emissions to a camless VVA system to offer effi-
cient fuel flexibility. The sensor is based on time-resolved laser
absorption spectroscopy, which is particularly well-suited to this
application owing to its calibration-free, quantitative, and high
temporal resolution capability up to and above kHz measurement
rates. A high-temperature fiber-coupled sensor module enables
close coupling to the engine exhaust valve to access combus-
tion exhaust gases immediately after leaving the cylinder. This
close-coupled approach reduces sensor latency and increases the
quantitative value in measured gas properties and their connec-
tion to the in-cylinder combustion processes. The high temporal
response reveals more granular emissions evolution by tracking
both cycle-to-cycle and intra-cycle variation. We demonstrate
the capabilities of this sensor by performing in-situ measure-
ments of gas temperature, carbon monoxide, and nitric oxide in
the exhaust pipe of an EPA-certified Honda GX390T2 four-stroke
engine, see Fig. 1, operating on natural gas (NG) and low-carbon
fuel blends incorporating NH3 and H, (up to 10% volume frac-
tion). The high-temperature durability of the sensor coupled with



a large dynamic range resulted in cycle-resolved measurements
revealing significant combustion inconsistencies and differences
in emissions among the various fuel blends, enabling new op-
portunities for further optimization by incorporating VVA with
real-time control.

2. SENSOR METHODOLOGY
2.1 Laser Absorption Spectroscopy

Laser absorption spectroscopy (LAS) is an optical diagnostic
technique that has been used extensively for quantitative analy-
sis of combustion gases, and detailed discussions of the rele-
vant theory can be found in the literature [12]. In scanned-
wavelength direct absorption LAS, a narrow-linewidth laser is
tuned across wavelengths corresponding to absorption transitions
of target molecules. The laser output beam is directed through
the flow of interest, and the transmitted light intensity is recorded
on a photodetector. The attenuation of the laser radiation due to
molecular absorption can be related to gas properties through the
Beer-Lambert Law, shown in Eq. 1:
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Ip represents the incident laser output intensity during modulation
while I, represents the measured transmitted intensity after the
light passes through the absorbing medium. Spectral absorbance
a(v) across the absorbing region is calculated with these recorded
signals, where v [cm™!] is the wavenumber. By integrating over
a single spectral line, one can calculate an absorbance area A
[cm~!] which can be related to absorbing species mole fraction
X; through Eq. 1 with the knowledge of temperature-dependent
linestrength S(7) [cm~2-atm™!] (from spectral databases), gas
pressure P [atm] (measured or known), and absorption pathlength

L [cm] (known from system design).
Gas temperature, when unknown, can be calculated using
a two-line thermometry technique [13]. By taking the ratio R
of the absorbance areas of two lines (A and B) from a single
species, as in Eq. 2, the dependence on pressure, pathlength,
and concentration in the Beer-Lambert law are removed, and
this ratio becomes solely a function of temperature. To achieve
a sensitive temperature measurement, the two lines should have
differing dependencies on temperature and this can be achieved by
targeting transitions with a large difference in lower state energy.

_Ax _8a(T)
= A SpT) f(T) (2

Therefore, the simultaneous measurement of two absorption tran-
sitions of the same species provides a straightforward measure-
ment of gas temperature and species concentration. By spectrally-
resolving these individual absorption transitions, this method is
species-specific, calibration-free, and quantitative. Notably, LAS
is readily configurable in non-intrusive, in-situ optical arrange-
ments [12], so high-precision quantitative measurements are pos-
sible with minimal disruption to the flow of combustion gases
and overall packaging of production IC engines.
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FIGURE 2: REPRESENTATIVE ABSORPTION SPECTRA OF CAR-
BON MONOXIDE (TOP) AND NITRIC OXIDE (BOTTOM) MEASURED
IN THE ENGINE EXHAUST AND FITTED BY VOIGT LINESHAPES.

2.2 Spectroscopic Approach

The emergence of mid-infrared photonics has extended appli-
cations of LAS to cover the fundamental rovibrational absorption
bands of important combustion species [12]. The inherent high
absorption strength of these bands enables increased sensitivity
for trace gas detection and use in harsh environments, which
is advantageous for deployment in IC engine exhaust systems.
Carbon monoxide (CO) and nitric oxide (NO), whose fundamen-
tal bands lie near 5 um, are the selected species for detection in
the IC engine exhaust, as these species both serve as markers
of combustion performance and are regulated as exhaust emis-
sions [14]. Furthermore, recent studies into polyfuel combustion
involving natural gas, NH3, and H, have highlighted CO and NO,
production as areas requiring further investigation to optimize in-
cylinder combustion and facilitate use of these fuels in practical
engines subject to emissions regulations [2, 4-7].

Figure 2 shows the target absorption transitions, selected
for their absorption strength and lack of spectral interference by
other absorbing species (e.g., H,O, CO,). CO detection is ac-
complished through simultaneous measurement of the P(0,20)
and P(1,14) transitions near 2059.9 cm™! and 2060.3 cm™!, re-
spectively. A quantum cascade laser (QCL, ALPES Lasers) near



4.85um is current-modulated to scan both transitions at a rate
of 10 kHz. A Voigt lineshape function is simultaneously fitted
to each transition (see Fig. 2) to extract the absorbance areas
which are subsequently used to infer gas temperature and CO
mole fraction through Eqgs. 1 & 2. This line pair has been demon-
strated previously to provide precise measurement of temperature
and CO mole fraction in convoluted combustion gases [15, 16].
The NO absorption transition selected for this application is
the R(0,16.5) transition near 1929.0 cm™', which is similarly
spectrally-resolved at a rate of 10 kHz with an interband cascade
laser (ICL, Nanoplus) near 5.18 um. After extracting absorbance
area via Voigt lineshape fitting shown in Fig. 2, the NO mole
fraction is calculated through Eq. 1 using the gas temperature de-
termined from the CO spectrum. This absorption transition has
also previously been measured with success in combustion and
IC engine exhaust studies, validating its selection for this appli-
cation [17, 18]. An exhaust gas pressure of 1 atm is assumed for
the mole fraction calculation, and spectroscopic parameters used
for extraction of temperature and mole fraction are taken from
the HITEMP database, as well as a recent study by Almodovar et
al. [19-21].

2.3 Optomechanical Sensor Design

The integration of laser absorption sensors in the exhaust
system of a production IC engine faces practical challenges—
to achieve intra-cycle resolution of the exhaust pulses, and to
minimize sensor latency for feedback on combustion events, the
sensing location must be as close to the exhaust valve as possi-
ble with minimal disturbance to the flow path. When applied to
a continuously operating IC engine, this requires sensor opera-
tion at sustained high temperatures and vibration, presenting an
exceptionally harsh environment for optics and photonics. Ad-
ditionally, the sensor integration must be accomplished without
compromising engine operation or performance.

The exhaust sensor module design is shown in Fig. 1 and
is inspired by the work of Diemel et al. [18] with important dis-
tinctions enabling operation at higher temperatures. The stainless
steel central body and removable port plugs form a compact mod-
ule that houses the necessary optical elements around a central
50-mm bore to maintain smooth flow of the exhaust gases. The
integrated optics form two orthogonal beam paths for simultane-
ous sensing with two light sources. Optical access is achieved
with 1-mm thick, 12.7-mm diameter sapphire windows. The
windows are secured in place with retaining rings and graphite
gaskets. Silver-coated mirrors are mounted inside the module to
facilitate multi-pass beam geometries to extend the optical path-
length and increase measurement sensitivity. The internal mir-
rors are secured with custom stainless steel clamps and graphite
gaskets. The harsh exhaust environment precluded the use of
high-temperature epoxies, so mechanical clamping mechanisms
and graphite gaskets are used for all mounted optics to create a
secure hold and stable alignment while simultaneously prevent-
ing fracture of the optics due to differential thermal expansion.
This arrangement also allows for easy disassembly and reconfig-
uration of the optical paths or materials for alternative sensing
strategies. The temperature uniformity within the measurement
region was evaluated by translating a K-type thermocouple across

the 50 mm bore at various load conditions. The steady-state radial
temperature is uniform with the exception of a temperature drop-
off starting 6 mm from the wall, with wall temperatures 10—13%
lower than the measured core temperature depending on the load
condition. This minor boundary temperature non-homogeneity
has a negligible impact on the absorbance, and was therefore
neglected in the LAS post-processing.

The first beam path (#1 in Fig. 1) employs a White-cell multi-
pass arrangement, which facilitates long optical pathlengths in
small volumes [22, 23]. This design features a system of three
concave mirrors with matching radii of curvature corresponding
to the separation distance. The laser beam enters on one side
of the mirror arrangement, undergoes a series of internal reflec-
tions, and exits on the same side as the entrance through a second
window. The number of internal reflections and achievable op-
tical pathlength is adjustable and set by the angles of the pair of
mirrors on the left in Fig. 1. The configuration shown has 12
internal passes for an aggregate 61.6 cm pathlength. The second
beam path (#2 in Fig. 1) uses a simpler, dual-pass configuration
with a single internal reflection and resulting aggregate optical
pathlength of 11.9 cm. Input light for each path is delivered
with single-mode solid-core InFj; fibers and aspheric collimators
to maintain 2-mm diameter Gaussian beams introduced to the
multi-pass cells. An adjustable lens tube with a calcium fluo-
ride plano-convex lens focuses the outgoing light into a 200-um
diameter multi-mode solid-core InF; fiber. The optical fibers
are secured to kinematic optic mounts fastened to aluminum slip
plate positioners, which together enable five degrees of freedom
(X-, Y- and Z- translation, pitch, and yaw) for fine-tuning of the
optical alignment. The schematic on the right of Fig. 1 shows
the major photonic elements that interface with the exhaust sen-
sor module and are located on a mobile breadboard away from
the harsh combustion environment, a configuration enabled by
the complete fiber-coupling system. The output beams of the
QCL and ICL are each coupled into the single-mode fibers with
fiberport alignment stages. The transmitted beams carried by
the multi-mode fibers are focused on to two photovoltaic detec-
tors (Vigo PVI-4TE-5) by CaF, plano-convex lenses mounted
to alignment stages that also hold the aspheric fiber collimation
packages and narrow-bandpass spectral filters to isolate the laser
radiation from the thermal emission of the combustion gases.

The integration of the sensor module into the existing engine
exhaust system of the test engine (detailed in Sec. 3) involved re-
placing the stock exhaust pipe with a custom-fabricated exhaust
system, shown in the center of Fig. 1. A pipe expander mounted
to the exhaust port expands the flow diameter from 27 mm to
50 mm while retaining the original O, sensor. A flexible pipe
coupling connects the pipe expander to the exhaust sensor module
while damping engine vibrations. This setup places the optical
measurement location 26 cm downstream of the exhaust valve.
A gas sampling port 5.5 cm downstream of the optical measure-
ment is used to siphon exhaust gases to an emissions gas analyzer,
detailed in Sec. 3. Downstream of the sensor module, the flow
diameter is reduced to 27 mm for mating with the stock muffler
and catalytic-converter assembly. This maintains emissions com-
pliance of the engine after integration of the optical diagnostics.
This modified exhaust system is secured with vibration-damping



TABLE 1: ENGINE SPECIFICATIONS

Model Genconnex Honda EU7000is
IC engine GX390T2
Cycle 4-stroke
Bore x Stroke 88 x 64 mm
Displacement 389 cm?
Compression ratio 8.2:1
Cylinders 1
Valves per cylinder 2
Engine speed 3,300 rpm
Fuel Natural gas
Equivalence ratio 1
Rated output 5.5kW
Fueling method Carburetor

Ignition method
Ignition timing

Spark ignition
Fixed at constant load

mounts to a support structure added to the engine frame for min-
imal increase of the engine footprint and retention of the original
wheel-mounting and mobility.

By integrating the sensor in-stream with close proximity to
the exhaust valve, exhaust gas transit time is short and results
in minimal latency relative to combustion. This latency or ex-
haust gas transit time can be estimated with some simplifying
assumptions. First, during the initial opening of the exhaust
valve, or blowdown phase, the pressure differential between the
high-pressure cylinder and the low-pressure exhaust pipe leads
to choked flow across the valve [24]. Second, in-cylinder gas
properties including the specific heat ratio can be estimated from
combustion simulations. Lastly, with changing cross-sectional
areas between the valve and sensor location, gas expansion can
be approximated with quasi-1D compressible flow relations. For
the test engine used in this work, when assuming 1 mm valve
lift and choked flow through the exhaust valve with measured
gas properties, in-cylinder combustion gases travel through the
modified exhaust pipe and reach the optical line-of-sight within
an estimated 7 ms. This corresponds to a conservative estimate of
average gas velocity of approximately 40 m/s for the leading edge
of the exhaust impulse. Notably, commercial exhaust gas ana-
lyzers that rely on gas sampling (and pre-conditioning) from the
exhaust stream involve much longer gas transit times on the order
of seconds or longer. In-situ measurements using laser absorption
reduce the sensor latency due to gas transit from second-scale to
ms-scale and on the same order of magnitude as the engine piston
motion, which is critical for fast control schemes.

3. EXPERIMENTAL SETUP

The engine selected for demonstration with the developed
laser absorption sensor is a Honda EU7000is generator driven
by a single-cylinder SI engine (GX390T2) originally designed
for gasoline but modified for natural gas-fueling by Genconnex.
This is a commercially-available, EPA-certified engine represent-
ing the target application for a fast-response exhaust sensor in-
tegrated with real-time control for practical power generation.
Table 1 lists specifications of the test engine. Aside from the
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FIGURE 3: EXPERIMENTAL SETUP FOR TESTING WITH THE
EU7000IS GENERATOR.

exhaust system modifications detailed in Sec. 2.3 to incorporate
the LAS sensor module, the engine is maintained in its origi-
nal configuration. While originally controlled by electronic fuel
injection, the natural gas conversion now relies on a pressure reg-
ulator and orifice to introduce fuel into the intake pipe upstream
of the throttle valve. The engine electronic control unit (ECU)
adjusts the throttle valve automatically to increase the amount
of fuel/air mixture supplied to the engine to match the required
power output while remaining at a constant 3,300 rpm. The ECU
also adjusts spark timing based on the load applied to the genera-
tor and a predetermined engine map. The O, sensor is required for
engine operation; however, it does not affect the ignition timing.
The overhead intake and exhaust valves are pushrod-driven and
have fixed valve lift profiles across the engine operating range.

The experimental setup for this investigation is shown in
Fig. 3. The fuel is supplied by tanks of compressed natural
gas, anhydrous ammonia, and hydrogen. Natural gas flowrate
is monitored by a thermal-based mass flow meter (Omega FMA
1800) with an accuracy of +1% of the full scale (50 slm N,
equivalent). Blending of the natural gas with either NH; or H; is
accomplished with a thermal-based mass flow controller (MKS
GES0A) with an accuracy of +0.2 % of the full scale (20 slm
N, equivalent) for the flowrates used in this study. The fuel
blending manifold connects to a 3 m long fuel hose leading to
the EU7000is fuel intake. The engine exhaust is connected to
a vacuum pump system to safely evacuate the gases from the
laboratory. A portable resistive load bank (Simplex Swift-e) with
a 10-kW capacity is used to apply the desired electrical load to
the generator.

A mobile cart next to the test engine holds the breadboard-
mounted photonics along with all other optoelectronics and the
data acquisition system (National Instruments PXI-6115) con-
trolled through LabVIEW. The optical fibers run between the
cart-mounted breadboard and the exhaust sensor module dur-
ing engine firing. A portion of the exhaust gas is siphoned off
from the gas sampling port and transported through a 8 m long
sampling tube to an exhaust gas analyzer (Infrared Industries
FGA4000XDS). The gas analyzer measures CO and NO, con-
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centrations with an accuracy of 0.1% and 50 ppm, respectively.
The analyzer relies on a NDIR sensor for the CO measurement
and an EC sensor for NO,, with a response time of 2 s.

4. RESULTS
4.1 Cycle-resolved Exhaust Sensing

The capability of the developed laser absorption sensor was
first tested on the GX390T2 engine fueled with pure natural gas
under varying load conditions. With the LAS temporal resolu-
tion of 0.1 ms and the engine operating at its standard 3,300 rpm
(or cycle frequency of 27.5 Hz), this corresponds to 364 data
points per cycle or a resolution better than 2 crank angle degrees
(CAD). Figure 4 shows sample measurements captured in the
engine exhaust at both high and low load. The temperature trace
shows clear cyclic variation at the engine frequency of 27.5 Hz.
The sharp increase corresponds to fresh exhaust gas traveling
through the sensor line of sight when the exhaust valve opens at
the beginning of the engine exhaust stroke. ~Within individual
36 ms cycles at 5 kW load, peak temperature consistently reaches
over 1150 K and decreases by over 200 K due to expansion and
cooling of the combustion gases as the cylinder depressurizes.
Higher temperatures are consistently observed at 5-kW operation
compared to the 2-kW operation, as expected due to increased
reactant initial pressure and subsequent in-cylinder combustion
temperatures. Consecutive exhaust-pulse temperatures for the
same condition show consistent profile characteristics and peak
temperatures, with fluctuations likely due to inhomogeneity in
combustion and transport out of the cylinder. The sensor sim-
ilarly captures the cycle-resolved characteristics of CO and NO
exhaust emissions which are highly dynamic in this engine. The
measured CO mole fraction mirrors the intra-cycle peak and de-
cay of measured temperature. This could potentially be due to
the retrofitted nature of the test engine which has not advanced
the spark timing to account for slower natural gas flame speeds
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FIGURE 5: FROM TOP TO BOTTOM: TEMPERATURE, CARBON
MONOXIDE CONCENTRATION, AND NITRIC OXIDE CONCENTRA-
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LOADS. ENGINE RUNNING ON PURE NATURAL GAS WITH SIMUL-
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CORRECTED FOR LOSS IN WATER CONCENTRATION SHOWN IN
GREEN. SOLID BLACK LINES WITHIN VIOLIN PLOTS REPRESENT
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compared to gasoline. The required spark advance can reach up
to 10 CAD [2], and the omission of this adjustment could lead to
the combustion reaction persisting after the exhaust valve opens
which is supported by the observation of CH emission through
the sapphire windows during engine firing. A different trend is
observed in the measured NO mole fraction, where intra-cycle
variations are less significant compared to the cycle-averaged
concentrations. This may suggest that the majority of its for-
mation occurs earlier in the expansion stroke, with remaining
temporal evolution potentially due to chemistry in the exhaust
pipe or heterogeneous distribution of NO in the cylinder.

While measurement traces of CO and NO exhibit a certain
degree of intra-cycle variation, they mostly show an exception-
ally high cycle-to-cycle variation at all load conditions despite
the relative consistency in measured temperature. Between the
two conditions in Fig. 4, there is little difference in mean CO
concentration observed in the exhaust, although the data suggest
cycle-to-cycle variation is higher during 5-kW operation. Within
the 250-ms period presented in Fig. 4 for a 5-kW load, the cycle-
average CO concentration reaches a maximum of 2.4% and a
minimum of 1.7%. Similar cycle-to-cycle variations are encoun-
tered in the NO exhaust with maximum and minimum emissions
averages of 510 and 310 ppm. These combustion inconsisten-
cies are commonly observed in SI natural gas engines, especially
those retrofitted from gasoline engines, but cannot be resolved by
conventional exhaust gas analyzers.

The effect of applied load on measured exhaust conditions
is illustrated further in Fig. 5, containing data captured over a
300-ms measurement interval or approximately 8 engine cycles.
The data distributions are represented by violin plots which are
wider for higher statistical occurrence. As load increases, both
mean and peak temperatures increase steadily up to ~1000 K
and ~1200 K, respectively. The measured mole fraction shows
more dynamic behavior across the load range, with CO and NO
exhibiting inverse dependencies. Minimum CO emissions occur
in the 3.0-4.5 kW range, with those same conditions correspond-
ing to peak NO production. This load dependence is expected
in SI engines with limited adaptability and the need to strike a
compromise across the operating range [24].

Gas analyzer readings are displayed in Fig. 5, with the grey
shaded region representing the spread of readout values observed
over a 30-s interval. The analyzer captures the same trends across
the load range visible in the LAS measurements, and agrees rea-
sonably well in magnitude, although on average displays slightly
higher concentrations across the range (~15%). One noteworthy
difference between the exhaust sensors is that the gas analyzer
relies on a mass-weighted average measurement while LAS uses
a non-temporally averaged line-of-sight measurement decoupled
from exhaust mass flow rate. Furthermore, the gas analyzer NO,
sensor is sensitive to not just NO, but also NO,, which can ac-
count for >10% of total NO, emissions; this percentage increases
with elevated levels of NO, [25]. With the gas analyzer separated
from the exhaust by 8 m of tubing, any chemistry occurring after
the exhaust gases pass the optical measurement location can lead
to discrepancies in both the measured CO and NO concentrations.
Most significantly, the gas analyzer includes a filter for removing
water vapor prior to exhaust gas measurement. Water concen-

tration can be significant in this case, ~18% in stoichiometric
natural gas combustion, and so correcting for this loss in exhaust
gas content yields data shown in green in Fig. 5. These data more
closely agree with those of the LAS sensor which is deployed in
the untreated exhaust stream where water vapor is still present.
It should be noted that the gas analyzer was calibrated with a
certified emissions mixture prior to testing.

The most significant difference in the two emissions sen-
sors is the capture of intra-cycle and cycle-to-cycle trends with
the LAS sensor, which enables additional dimensions of analysis
critical for real-time engine optimization and control applica-
tions. According to the gas analyzer reading, CO exhaust varies
from 1.9% to 2.5% across all loads. This 0.6% CO variation is
lower than the amplitudes measured by the LAS sensor within
a single 300-ms period, spanning from 1% to 2.2% CO for the
3.5-4.5 kW loads. The same observation can be made regarding
the NO measurements at each load, with typical 250-800 ppm
variations measured by LAS. This highlights a high degree of
combustion inconsistency in this commercially-available, EPA-
certified engine that is undetected by the gas analyzer. It is
notable that the regulated emissions generally exhibit more cycle-
to-cycle variation than the measured temperature, indicating the
high sensitivity of species formation to operating conditions in
this test engine. The high-bandwidth data provide a means to
reduce variation through systematic engine refinement, partic-
ularly if coupled with real-time control. One such example is
the implementation of throttling with a variable lift intake valve.
This technique increases fuel/air mixing and turbulence, promot-
ing (i) homogeneous combustion, (ii) higher burning velocities,
and (iii) more consistent cycle-to-cycle combustion. Throttling
can be tuned in real-time and across the entire operating range
of the engine and has been shown to reduce brake-specific fuel
consumption by up to 10% [26].

The uncertainty in the measured temperature and mole frac-
tion from the LAS sensor was calculated via the method put
forth in Nair et al. [27] for scanned-wavelength direct laser ab-
sorption experiments and based on the Taylor series method of
uncertainty propagation. This uncertainty accounts for noise in
the measured raw intensities and subsequent extraction of ab-
sorbance areas in addition to uncertainty in physical parameters
used to determine temperature and mole fraction through Egs. 1
& 2, including pressure, pathlength, and tabulated spectroscopic
parameters. The temperature uncertainty is dominated by the un-
certainty in the measured absorbance area of the weaker P(1,14)
transition of CO, and the maximum uncertainties are observed at
engine operating conditions associated with low exhaust temper-
atures and low CO emissions. During standard operation with
natural gas fuel, temperature uncertainty lies between 25 K and
31 K with the larger uncertainty corresponding to the minimum
intra-cycle temperatures. Maximum uncertainties are reached
during 10% NH3/NG fueling (see Sec. 4.2) and range from 40 K
to 55 K. The P(0,20) absorption remains high across all oper-
ating conditions and leads to a more consistent uncertainty in
measured CO mole fraction of 2.9% of the measured value. The
uncertainty in NO mole fraction is dependent on engine operat-
ing conditions and the large range in resulting NO emissions. An
uncertainty of 26 ppm corresponds to minimal NO production
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FIGURE 6: CYCLE-RESOLVED MEASUREMENTS OF EXHAUST GAS TEMPERATURE, CARBON MONOXIDE, AND NITRIC OXIDE. ENGINE
RUNNING WITH 2 KW APPLIED LOAD AND THREE FUEL CONDITIONS: 100% NATURAL GAS, NATURAL GAS WITH 10 VOL. % AMMONIA,
AND NATURAL GAS WITH 10 VOL. % HYDROGEN. NITRIC OXIDE EMISSIONS FOR 10% NH; FUELING ARE SCALED FOR PRESENTATION.

(<100 ppm) at low load and pure natural gas fueling, whereas
uncertainty at 10% NH3/NG fueling and maximum NO produc-
tion (>3400 ppm) is approximately 180 ppm. These uncertainties
translate to detection limits (1o7) of 0.07% and 26 ppm for CO
and NO mole fraction, respectively.

4.2 Polyfuel Emissions Analysis

The application of the LAS exhaust sensor for polyfuel IC
engines was investigated by operating the test engine with low-
carbon fuel blends of natural gas mixed with NH5 and H, at con-
centrations up to 10% by volume. Figure 6 shows cycle-resolved
exhaust measurements of select blends compared to pure natural
gas fueling. Across the fuel blending matrix, applied load was
kept constant at 2 kW, resulting in consistent ignition timing. The
measured temperature remains largely similar between the three
fuels even at 10% blending, with slightly higher temperatures ob-
served in individual H,-enriched cycles due to the higher flame
temperatures of H, combustion [28].

The effect of NH; and H, addition in this particular engine is
much more drastic for the CO and NO emissions. Both additives
reduced CO emissions by approximately a factor of 2 at 10%
blending concentrations. There is a relatively small difference in
CO reduction between H,/NG and NH3/NG blends in these cases,
and neither blend shows a substantial change in the cycle-to-cycle
consistency. Emissions of NO, however, show stark differences
between the two blends. H, addition led to an appreciable increase
in NO production by a factor of 2 over pure natural gas, however
the NH3/NG blending resulted in an order of magnitude increase.
Additionally, the cycle-to-cycle consistency of NO emissions was
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FIGURE 7: MEASURED EXHAUST CO CONCENTRATION (TOP)
AND NO CONCENTRATION (BOTTOM), COLLECTED OVER 300-MS
INTERVAL. ENGINE LOAD IS 2-KW AND THE FUEL IS NATURAL
GAS BLENDED WITH VARYING CONCENTRATIONS OF EITHER
NH; OR H,. VOLUME FRACTIONS ARE MATCHED BETWEEN THE
DIFFERENT BLENDING CONSTITUENTS, WITH DATA SHOWN OFF-
SET FOR VISIBILITY.



noticeably greater during NH3/NG fueling.

The measured emissions of the test engine fueled with these
alternative blends as a function of volume fraction is displayed
in Fig. 7. Both H, and NHj addition led to suppression of CO
emissions at similar magnitudes. However, H,/NG blends far
outperformed NH3/NG for minimizing NO emissions.  The
trends in NH; blends corroborate those reported by Oh et al.,
who reported mild variations in CO emissions and significant
increases in NO emissions within 0-10% NHj addition while
keeping NHj slip low [29]. It should be noted that the tests
presented in this work were performed at low loads due to safety
concerns fueling with premixed H,/NG mixtures, including the
possibility of flashback into the intake pipe upon intake valve
opening events. Had the tests been performed at higher loads,
then the increase in NO formation with increasing H, volume
fraction may be more appreciable due to the likely increased
in-cylinder combustion temperatures.

The trends of Fig. 7 suggest that at these conditions, the
reduction in CO emissions is largely driven by the reduced carbon
input and that the chemical effect of NH; or H, addition have
similar impact (within the 10% addition). The reduction of CO
emissions for H, blends was observed in a previous study by
Aksu et al. and solely attributed to the reduction of carbon input
in the fuel stream [30]. The CO exhaust is, however, marked here
with a factor-of-two reduction (~2% to ~1%) while NG intake
is diminished by only 10%. Thus, the reduced CO emissions
cannot solely be attributed to the decreased natural gas intake.
The similarity of H, and NH; blends is, upon a first order analysis,
unsurprising given that NH; is essentially an H, carrier and, at
high temperature, undergoes H-abstraction associated with H,
production (among others) [31, 32]:

NH; + O, — NH; + HO,
NH3; + OH — NH, + H,O R1D)
NH; + H—— NH, + H,

Therefore, CH, combustion is likely acting as a trigger for NH;
splitting via the generation of H and OH radicals that acceler-
ate Reac. (R1), generate H,, and may explain the similarities
between the two blends. However, the differences in NO produc-
tion between the blends can be attributed to different mechanisms.
While H, combustion often leads to increased thermal NO, pro-
duction through higher combustion temperatures, in ammonia
combustion NO, formation is typically governed by fuel NO, via
the HNO pathway, NH;—NH,—HNO—NO [33]. The measure-
ment results suggest that at this operating condition, fuel NO,
is much more dominant than thermal NO,. A full chemical
kinetics investigation of H,/NH3/NG blends is beyond the scope
of this paper, however.

The exhaust behaviors observed during polyfuel operation
provide insight into paths for further combustion optimization
in this engine. Hydrogen-enrichment has demonstrated value in
improving combustion stability and efficiency in natural gas ST en-
gines through increased flame speed and radical generation even
at 10% H, in natural gas [2, 34]. However, in this study, we ob-
served no significant improvement on cycle-to-cycle consistency
due to hydrogen addition. The adjustment of spark timing and

additional turbulence and mixing through intake valve variation
through real-time control can be used to maximize the benefit of
H, addition while monitoring thermal NO, generation. Incorpo-
rating NHj3 into NG or H, fueling presents additional challenges
due to low flame speeds and high fuel-NO, emissions [29]. The
incorporation of tri-fuel operation and control over on-board NH;
cracking with feedback control informed by real-time emissions
measurements can aid to minimize NO, formation through sup-
pression of the HNO pathway while promoting oxidation of alter-
natively generated N,O [4, 5, 33, 35]. The engine also displayed
a dependence of exhaust emissions on ambient conditions on the
order of 10-20%, as evident with the difference in 0% blend-
ing cases between the NH3/NG and H,/NG datasets in Fig. 7.
For practical engine applications, operating environments can
vary greatly due to seasonal or geographic changes, day-to-day
weather, and time of day. To ensure optimum engine operation
for all conditions, the ability of the sensor to resolve these differ-
ences across a range of relevant timescales in exhaust emissions
enhances the ability of any control system to adapt the system
operation.

5. CONCLUSION

An in-situ laser absorption sensor has been developed for
cycle-resolved measurements of exhaust gas properties in pro-
duction IC engines and demonstrates the potential impact of
high-speed, quantitative LAS exhaust sensors for real-world im-
plementation. In this work, the LAS sensor captured intra-cycle,
cycle-to-cycle, and engine load-dependent variation of CO, NO,
and temperature in the exhaust of an EPA-compliant natural
gas-fueled, Otto-cycle engine. This capability revealed com-
bustion inefficiencies and inconsistencies associated with natural
gas spark-ignition engines, and showed that NO and CO cycle-
to-cycle emission variability is significant. The cycle-resolution
was enabled by locating the exhaust sensor in-line with minimal
distance from the engine exhaust valve leading to a reduction in
sensor latency by 3 orders of magnitude over commercial on-line
analyzer systems. The close-coupling of the sensor was achieved
through a ruggedized optomechanical design that enabled pro-
longed operation (>10 hours) at the sustained high temperatures
(>1000 K) near the exhaust valve without any wear or deteriora-
tion of the sensor module. This novel sensor capability provides
a quantitative, time-resolved capture of exhaust dynamics that is
currently unavailable for production engines.

The utility of the sensor in polyfuel applications was demon-
strated by capturing the response of the test engine to low-carbon
natural gas blends incorporating NH; and H,. At low load, both
blends similarly halved CO exhaust for only 10% admixture. A
differing response was observed in the NO emissions, with H, and
NHj; addition leading to a factor of 2 and an order of magnitude
increase, respectively. Cycle-to-cycle combustion variability was
largely unaffected from blending in this study. Low detection lim-
its of 0.07% CO and 25 ppm NO, coupled with a large dynamic
range, enabled analysis of significantly different fuel chemistry
in these polyfuel blends while remaining sensitive to cycle-level
inconsistencies. It is expected that the combined durability, low-
latency, and quantitative value of the developed LAS sensor will
enable more direct and rapid optimization of low-carbon polyfuel



combustion in production IC engine systems.
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