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Abstract 

The performance of a hygrometer based on calibration-free direct tunable diode laser absorption spec- 
troscopy (dTDLAS) for in-cylinder H2O measurements is demonstrated in a nearly unmodified production 
internal combustion engine. The H2O concentration is a proxy for the residual gas fraction remaining in 
the cylinder after intake-valve closure. One challenge for in-cylinder measurements, especially in multi- 
cylinder engines, is to obtain optical access to the combustion chamber. The measurements here were per- 
formed in the flywheel-side cylinder of a four-cylinder engine with small access ports that were previously 
designed for endoscopic imaging. Due to their position these ports prohibit the usual collinear arrangement 
of the optical elements typical for line-of-sight measurement techniques. Therefore, we developed a new 
"angled" fiber-optical interface, which allows a trans-illumination of the engine at a 90° angle. The optical 
fiber interface uses a scattering target inside the combustion chamber with its 84 mm bore achieving an 
absorption length of about 70 mm. With this arrangement, crank-angle resolved measurements of the 
H2O concentration during early compression could be realized with a temporal resolution of 250 µs and 
a H2O detection limit of 0.074 vol.%. This allows detailed analysis of single engine cycles as needed for 
residual gas investigations. Measurements were performed over a range of loads (25--100 Nm) and speeds 
(1400-3650 rpm), over which the residual gas fraction was expected to vary significantly. H2O concentra- 
tions were measured between 3.3 and 5.0 vol.%. The results werecompared with a simple model of residual 
gas content and were found to agree within the combined uncertainty of both methods, which gives an 
indication that dTDLAS can be used to validate more complex engine models beyond what is possible 
by pressure-trace analysis. 
© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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I. Introduction 

Modern combustion strategies for internal 
combustion (IC) engines often use elevated levels 
of residual burnt gas (or short, residual gas) to 
reduce the flame temperature and therefore sup- 
press the formation of nitrogen oxides (NOx)- 
Residual gas levels can be increased either by 
returning gas from the exhaust pipe to the intake 
(external exhaust-gas recirculation, EGR) or by 
purposely retaining burnt gas in the cylinder at 
the end of the exhaust stroke (internal EGR). 
However, if the residual gas concentration is too 
high, efficiency suffers and, depending on the level 
of cycle-to-cycle variability, misfires can ensue. 
Therefore, exact knowledge of the amount of 
residual gas before ignition is important in engine 
development. While the amount of residual gas 
provided by external EGR can be estimated with 
reasonable effort, no satisfying solution exists for 
the quantification of residual gas due to internal 
EGR. Current commerciaIJy available techniques 
like gas sampling and subsequent analysis with a 
gas chromatograph or mass spectrometer mostly 
yield cycle-averaged information (1,2]. ln contrast, 
optical in situ methods offer a sampling-free cycle- 
resolved analysis with high temporal resolution. 

To this end, several optical diagnostics have 
been applied in IC engines in the past, for example 
coherent anti-Stokes Raman spectroscopy (CARS) 
[3], laser-induced fluorescence (LIF) [4], infrared 
absorption spectroscopy [5--9] and Fourier-trans- 
form infrared spectroscopy (FTIR) (10]. Direct 
tunable-diode laser absorption spectroscopy (dTD- 
LAS) allows the development of compact sensors 
needing only minimalJy-invasive optics to access 
the cylinder volume. The advantages of dTDLAS 
were discussed in detail in previous work (11,12]. 
Concentration measurements of several combus- 
tion-related species were performed in the past, 
e.g., H2O (11,13], CO (14], or COi (15], with high 
temporal resolution (16]. With known fuel compo- 
sition, both H2O and CO2 can beused as proxy spe- 
cies for residual gas. We already demonstrated a 
method of dTDLAS to determine theH20 concen- 
tration without the need for calibration (17], which 
is a significant advantage due to the avoidance of 
complicated calibration strategies of previous 
methods. In dTDLAS, species concentration, 
background emission, and transmission losses can 
be directly inferred from the detector signal. Gas 
temperature and pressure are derived from simulta- 
neous auxiliary measurements. The spectral line 
parameters are taken from spectral databases like 
HITRAN (18]. 

Current commerciaIJy available spectrometers 
using a spectraIJy broadband light source for 
residual gas measurements need calibration, e.g., 
by installing an additional sensor to measure 
the engine's intake air humidity [19]. This calibra- 
tion not only increases experimental effort and 

measurement uncertainty substantiaIJy but also 
complicates interpretation of the results.  

Previously, we performed dTDLAS in an opti- 
calJy-accessible single-cylinder research engine to 
measure the H2O concentration during the com- 
pression stroke in motored operation (11,12]. Sub- 
sequently, less invasive access through small ports 
in a metal liner was implemented and the pressure 
range was expanded by use of a different laser type 
[11,12]. Here we present, to our best knowledge, 
for the first time, global H2O-concentration mea- 
surements with dTDLAS in a fired multi-cylinder 
production engine. The engine has been modified 
only very slightly to permit minimally-invasive 
access to one of the cylinders. We describe the 
hardware implementation and also compare 
the measurements to model-based estimates of 
the residual gas content for a range of operating 
points. 

 
2. Experiments 

 
The following section is divided into three sub- 

sections describing engine hardware, the principle 
of dTDLAS, and finally the fiber-optical interface 
developed here. 

2.1. Engine 
 

Measurements under fired engine conditions 
were performed in the flywheel-side cylinder of a 
BMW "N46 B20 AA" four-cylinder in-line engine 
with a total displacement of 1995 cm3 (84 mm 
bore, 90 mm stroke, geometric compression ratio 
1:10). Figure 1 shows a photograph of the engine 
head. In addition to the standard M14 spark-plug 

 
 

Fig. I. The part of the engine head that was modified 
for the laser-based measurements. Labels: (I) laser-sheet 
input port (not used here), (2) endoscope port, (3) M14 
spark-plug bore, (4) intake valves, (5) exhaust valves, 
and (6) MIO bore for additional sensors [22). 
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(1) 

 

bore (label 3) the engine is equipped with access 
for an MIO pressure sensor (6) and a perpendicu- 
lar arrangement for laser-sheet input (1) and 
endoscopic imaging (2) [20,21], both with 12 mm 
bore diameter. As shown in Fig. 1, due to their 
geometric arrangement with respect to each other, 
in general none of these ports are suitable for typ- 
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ical, collinear line-of-sight measurement using 
dTDLAS. 

In this engine, load is not controlled by a con- 
ventional throttle, but by continuously variable 
valve lift and camshaft phasing (BMW "Valve- 
tronic" and "VANOS"). The engine was con- 
trolled via the production engine control unit 
which allowed read-out access, but no active con- 
trol. This prevented specific variations of the 
residual gas fraction, for example by varyingvalve 
timings. Therefore, load and speed sweeps 
(Table 1) were performed within the limits of the 
dynamometer in order to vary residual gas con- 
tent and hence H20 concentration. The exhaust- 
valve lift remained constant at 9.7 mm, while 
intake-valve lift and valve phasing were varied 
by the engine control unit as listed in Table 1, 
which shows that in general the engine control 
unit is tuned to increase both intake-valve lift 
and valve overlap with speed and load. At each 
operating point (OP), the dTDLAS signal and 
the time-resolved pressure in the cylinder and its 
intake and exhaust were recorded for 50 consecu- 
tive cycles. The fuel was iso-octane, supplied by 
port fuel injection. 

For the load sweep (OP 1-4), Fig. 2 shows the 
pressure (top) and the temperature trace (bottom). 
The latter was calculated by a three-pressure anal- 
ysis (TPA), a "quasi-dimensional" model imple- 
mented in GT-Power© [22]. Strictly speaking, 
residual gas content needs to be known for calcu- 
lating the temperature during the compression 
stroke. In its temperature calculation, the TPA 
analysis estimates residual gas content, thereby 
resolving this interdependence, but the inherent 
assumptions and approximations introduce a 
potential error, which has been accounted for in 
the uncertainty analysis in Section 3. 

 

 
Table I 
Engine operating points (OP) including intake-valve lift 
(IVL) and (positive) valve overlap (VO). 

 

OP Speed 
(rpm) 

Load 
(Nm) 

IVL 
(mm) 

VO 
(CAD) 

1 2100 25 I.I 71.5 
2 2100 50 1.6 87.2 
3 2100 75 2.2 93.8 
4 2100 100 2.8 92.4 
5 1400 50 1.3 80.7 
6 1950 50 1.6 90.4 
7 2900 50 2.3 93.2 
8 3650 50 3.1 90.2 

(/) 1.0 

a.. 0.5 

0.0 
-360 -240 -120 0 120  240  360 

2400 --r;,,==== ------------------------ , 
 

 
Crank angle degree (CAD) 

Fig. 2. Measured pressure and calculated temperature 
trace for OP 1-4. 

 
The results of the dTDLAS measurements 

were compared to a simple zero-dimensional 
model, specifically developed [23] to calculate the 
residual gas fraction after intake-valve closure. 
The model does this in three steps. First, the 
residual gas mass at intake valve opening is calcu- 
lated using the ideal-gas law with the volume 
given by piston kinematics. The second step 
considers the difference in residual gas mass due 
to the change of cylinder volume during valve 
overlap, i.e., between intake valve opening and 
exhaust-valve closure, and the third part the 
difference due to the pressure difference between 
intake and exhaust. Input parameters for the 
model are the pressures in intake, cylinder, and 
exhaust, the exhaust temperature, and geometric 
engine parameters including valve flow-coeffi- 
cients. This quite simple model was originally 
developed for real-time application in engine con- 
trol units. Here, for the first time the possibility 
exists for a direct assessment of its performance 
byconverting residual gas content to H20 concen- 
tration, which is measured by the dTDLAS 
sensor. 

 
2.2. dTDLAS 

dTDLAS is based on the wavelength-depen- 
dent attenuation of quasi-monochromatic light 
passing through a gas sample. The attenuation 
can be described by the extended Lambert-Beer 

 -----  
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 -----  
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law [24-26]with additional parameters taking into 
account background emission E(t) and broadband 
optical transmission losses Tr( t): 

/(v) =lo(v) X Tr(t) X e-S(T)xg(M.)xNxL +E(t)   (1) 

with N being the number density of the molecular 
absorbers, /0(v) the initial laser intensity, /0(v) the 
intensity detected after the probe volume of 
absorption length L and the wavenumber ii in 
cm-1. The absorption-line profile is characterized 
by the area-normalized line shape function 
g(v - ii0), which is centered at the wavenumber 
vo, and the temperature-dependent, spectrally- 
integrated, line strength S(7). 

Spectrally integrating the absorption line shape 
g(v - ii0) over the wavenumber v, solving Eq. (1) 
for the absorber density N, and using the ideal- 
gas law  N = p/k8T  (k8: Boltzmann constant, 
p: pressure, T: temperature) leads to the species 
concentration c: 

well-characterized absorption line 000-101/110- 
211 at 7299.431 cm-1 (1369.97 nm). The laser 
light is collimated and directed through the engine 
combustion chamber. The transmitted light is 
detected by an InGaAs semiconductor photodi- 
ode, converted into a voltage signal with a low- 
noise transimpedance amplifier (80 MHz band- 
width), subsequently digitized with a 14 bit 
high-speed A/D converter (100 MSamples/s), 
and evaluated with in-house LabView software 
using Eq. (I) and (2). 

To evaluate the H20 absorption line, a polyno- 
mial baseline (containing all disturbance informa- 
tion) as well as a Voigt line-shape was fitted to 
the measured H20 spectrum. To account for 
overlapping absorption lines from 7294 cm-1 to 
7306cm-1 a multi-line Voigt fit with 21 lines (all 
stronger than 10-23 (cm-1)/(molecule x cm-2)) 

was applied. The widths of all lines were calcu- 
lated using HITRAN08 data [18], the measured 
gas pressure, and  the derived temperature 

C -_ --ks -x T-- l n(/o--(-i'i-)'--x--T-'r-(-t')-) -dvd t (2) from the TPA model. For  the target line at 
S(T)xLxp I(v)-E(t) dt. 

Hence the concentration can be determined 
without the need for calibration, solely with 
knowledge of the line strength S(7), the experi- 
mental boundary conditions (p, T, Tr(t), E(t)) 
and the dynamic laser-tuning coefficient dv/dt). 
Adetailed description of the method can be found 
in [24-26]. 

The opto-electronics consist of a distributed 
feedback (DFB) diode laser, temperature-stabi- 
lized by a Peltier element and coupled into a sin- 
gle-mode fiber. A function generator provided a 
periodic triangular signal modulating the laser 
current with a frequency of 4 kHz. As in previous 
work [11,12], the laser was scanned across the 

7299.431 cm-1, used to determine the H20 
concentration, we used air-pressure broadening 
and its temperature dependence, measured by 
Hunsmann et al. [27]. 

 
2.3. Fi,ber-optical interface 

 
The fiber-optical transmitter and receiver had 

to comply with several requirements: 
 

1. Sealing the launch and collection optics against 
the hot combustion gases at high pressure 
(here, Pmax =4 MPa and Tmax = 2400 K) 
and at sub-atmospheric pressures during 
the intake stroke. 

 

 

 
Fig. 3. Schematics of the opto-mechanics of the spectrometer and the fiber-optical interface with fiber transmitter and 
the 90° receiver with scattering target. 

 
 

'A 
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2.  Minimizing optical interferences (fringing) 
of the laser light. 

3. Transmitting the laser beam through the 
combustion chamber at maximized absorp- 
tion length L to measure a "global" H20 
concentration, despite the new, but unfavor- 
able 90° geometry and small optical access 
ports, as shown in Fig. 1. 

4. Robust, error-tolerant alignment optics 
insensitive to e.g. beam-steering by density 
gradients in the gas. 

5.  Easy assembly/disassembly into/from the 
engine when occasionally cleaning is 
required. 

 
Figure 3 shows our new opto-mechanical inter- 

face for this challenging scenario. It makes use of 
ports originally meant for a detection endoscope 
and the pressure-transducer bore (labels 2 and 6, 
respectively, in Fig. 1). The light is guided to the 
transmitter by a single-mode fiber, collimated, 
and transmitted through a path corresponding 
to almost the entire cylinder bore onto a scattering 
target that also enables the 90° bend required in 
this beam geometry. Close to and mechanically 
connected with the target a fibered receiver optic 
is placed, which collects the scattered light and 
directs it into a multi-mode fiber guiding it to 
the detection unit. Since the pressure transducer 
is removed, the standard spark plug (label 3 in 
Fig. 1) was replaced by a one with an integrated 
pressure sensor (Kistler BCD27), positioning the 
ground electrode to avoid obstruction of the laser 
beam. 

The cylindrical, optical transmitter (label A in 
Fig. 3) holds a gradient-index (GRIN) lens with 
a diameter of 1 mm for collimating the light beam. 
The second cylinder (B) mounts into the thread of 
the optical access port in the engine head. It holds 
a sapphire window (diameter 3.4 mm, thickness 
3 mm) mounted at an angle of 3° with a wedge 
of 2° to avoid optical interferences by light 
back-reflected at its planar surfaces. The window 
is fixed and sealed with high-temperature epoxy 
adhesive, but in addition an outer, thin-shelled 

cost of a considerably reduced tolerance against 
alignment errors. Like the transmitter, the receiver 
is protected from the engine cylinder environment 

by a sapphire window. The diffuse reflection 
reduces the coherence length of the laser light such 

that it is not necessary to wedge or angle the 
window, which simplifies manufacturing of both 
window and holder. The inner cylinder (E) holds 
a multi-mode fiber with a core diameter of 

600 µm, directly attached to the sapphire window. 
For the measurements presented here, about 

1% of the light emitted from the single-mode fiber 
is detected. The rather weak coupling is caused by 
the geometric constraints and the harsh environ- 
ment. It is also the reason for using the more 
powerful DFB laser instead of a weaker vertical- 
cavity surface-emitting laser (VCSEL), despite 

the advantages that VCSELs were shown to have 
at higher gas pressures [11,12]. 

 
3. Results 

 
A key requirement for in situ dTDLAS is the 

determination and correction of background dis- 
turbances like thermal emission from walls or 
broadband transmissions losses (see Section 2.2). 
With these corrections several measurements were 
performed during fired operation and the H20 
concentration was determined at different operat- 
ing points. The measured H20 concentration was 
then compared with the calculated concentration 
derived from the EGR simulation model. 

Figure 4 shows - as a function of crank angle - 
the measured transmission Tr( t) of the laser light 
as well as the background emission (signal offset  
at the detector) due to thermal emission E(t) for 
a typical single engine cycle after 30 min of fired 
operation at operating point 2 (OP 2). Here, the 
transmission was calculated from the measured 
voltage at the maximum of the triangular ramp 
signal. The value at -360 crank angle degree 
(CAD) served as a reference. The offset was 

cylinder (C) prevents the window from potentially 
falling into the combustion chamber and damag- 

100 60> 
E 

ing the engine if the adhesive fails or the window 80 
breaks. The transmitter's outer diameter of 12 mm 0

 

50 C 
·en 

is given by the port size; a shoulder on that diam- 
eter provides pressure sealing, and the front aper- 
ture is 1.9 mm in diameter. 

The receiver unit consists of two cylinders. The 
outer one (D) holds the scattering target at an 
angle of 45°. The brass target has a flat, intention- ally poorly-polished surface. It has an area of 

0
C 60 

·en 
.(E/) 

40
 

 
(/) 
C 
!!! 
I- 
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.E( / )  

40 <D 
"O 
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e: : ,  
Cl 
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20 ID 

35 mm2 and redirects the light by a semi-diffuse 
reflection towards the receiving multi-mode fiber. 
Specular reflection by a highly polished surface 
might increase the coupling efficiency, but at the 

-360 -270 -180 -90 0 90 180 270 360 

Crank angle degree (CAD) 

Fig. 4. Measured sensor transmission and background 
emission during a single fired engine cycle. 

20 
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derived from the detector signal at the beginning 
of the ramp, when the laser is switched off. Trans- 
mission during the intake and compression stroke 
before ignition is over 75%. During combustion, 
transmission decreases rapidly to 5-10% at 
60 CAD, potentially due to strong beam steering 
in the flame front. In the exhaust stroke transmis- 
sion recovers to more than 90%. This indicates 
that the period duringwhich useful measurements 
are possible comprises intake, compression, and 
exhaust stroke. 

The measured offset shows a trend opposite to 
that of transmission. During intake and compres- 
sion stroke there is an offset of about 25 mV, very 
likely due to thermal radiation from thewalls (less 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Q) 1.2x10"1 
C 
Ill 

 
 
 
 
 
 
 
 
 
 

 
-100 CAD 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
T=482 K 
p =0.086 MPa 

than 6 mV in the cold engine). After ignition the 
offset quickly increases to a maximum value of 

.0... 
0 
(/) 

.0 
8.0x10-2 SNR = 52 

53 mV due to radiation from the combustion pro- 
cess. In the exhaust stroke the offset decreases 
back to 25 mV. 

To correct for these effects the offset voltage 
due to background emission is subtracted from 

Ill  4.0x10-2 
 

LL 0.0 
1.0x1ff2 

the signal and a polynomial baseline is fitted to ·"1On 0.0 

the signal to correct for fluctuations in the trans- 
mission. These two corrections were done for 
every single measurement. Figure 5 shows two 
single-shot water-vapor absorption profiles 
measured at -180 and -100 CAD during fired 
operation at OP 2. The native temporal resolution 
was 250 µs,corresponding to the laser modulation 
frequency/mod= 4kHz. Both signals were low- 
pass filtered with a moving-averafe filter over 
0.6 µs (corresponding to 0.0065 cm- ) to minimize 
the effect of detector noise while retaining the 
molecular spectral information. 

The increasing width of the absorption line 
with increasing pressure can be seen. With increas- 
ing pressures the fitting process was more stable 
when the line width was calculated by using the 
measured pressure instead of fitting the width as 
a free parameter. Using this calculated line width, 
the averaged fitting residual (i.e., the standard 
deviation of the difference between measured 
and fitted data) of the scan was determined to 
be 6.// / =1.9 x 10-3 fractional absorbance. The 
lcr standard deviation of this residual and the 
peak absorbance was used to derive an optical sig- 
nal-to-noise ratio (SNR) of 59 (52) at -180 CAD 
(-100 CAD), corresponding to a H20 detection 
limit of0.074 vol.% (measured H20 concentration 
divided by signal-to-noise ratio). 

The CAD range in which measurements at all 
operating points were post-processed was -190 
to -100 CAD. Above a certain maximum tempo- 
ral rate of change in pressure and temperature, 
depending on several parameters e.g., temporal 
resolution, engine speed, concentration, etc., the 
line-shape essentially cannot be assumed anymore 
to be constant during a single scan (1l]so that sys- 
tematic errors became unacceptable. Faster scans 
with the DFB laser, however, reduce the effective 

& -1.0x10-2
,...,_,,._,....._, .,...,_,,, -------------------- l 

0.3  0.4  0.5  0.6  0.7  0.8  0.9 1.0 
Relative wavenumber/ cm-1 

Fig. 5. Two typical H20 absorption profiles (black 
points: measured data, red lines: fitted Voigt profiles) in 
fired operation (OP 2). Temperature and pressure were 
obtained from simulations and measurements and used 
as input parameter to the fit. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

 
scan range, which also reduces the fit accuracy. 
This effect limited the maximum pressure range 
of the TDL spectrometer with the current DFB 
laser and data evaluation to 0.2 MPa. At some 
operating points, a broader CAD range could be 
evaluated, but to compare all measurements a 
common CAD range was chosen. Figure 6 shows 
the measured H20 concentrations for a typical, 
single engine cycle each at OP 1-4 (the load 
sweep). The average H20 concentration decreases 
with increasing load from 5.0 vol.% at 25 Nm to 
3.4 vol.% at 100 Nm. This trend qualitatively val- 
idates sensor function since greater intake-valve 
lift and longer valve overlap at higher load (see 

Table 1) should yield better exhaust-gas purging. 
These measured H20 concentrations are com- 

pared with simulations for the residual gas frac- 
tion. With known fuel composition and intake 
air humidity (0.61 vol.%) and assuming complete 
combustion, the residual gas fraction can be con- 
verted to H20 concentration and vice versa. The 
comparison between the averaged H20 concentra- 
tions of 50 engine cycles is shown in Fig. 7 for load 

variation (top, OP 1-4) and speed variation 
(bottom, OP 5--8). For better clarity the data from 
dTDLAS measurement and the residual gas model 
have been shifted slightly against each other in 
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(60%) originated from the temperature uncer- 
tainty, about 15 K over the crank-angle range 
evaluated here. In the quasi-dimensional three- 
pressure analysis providing this in-cylinder tem- 
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Fig. 6. Measured H2O concentration from -190 to 
-100 CAD during single engine cycles at different 
operating points (OP 1-4). The intake air contained 
0.61 vol.% H2O, 

 
load or speed, as applicable. The relative uncer- 
tainties of the dTDLAS measurements werecalcu- 
lated according to the metrological guide to the 
expression of uncertainty in measurement 
(GUM) [28] to 7.5% (for a coverage factor: 
k = 1). The largest uncertainty contribution 
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Fig. 7. Comparison of measured H2O concentrations 
(dTDLAS) at various OPs with concentrations derived 
from the residual gas model. 

perature, the main source of uncertainty is the 
duration of valve overlap read from the engine 
control unit (±4 CAD), yielding 12 K uncertainty, 
with further minor contributions from injected 
fuel mass and fuel/air ratio. The uncertainties of 
the residual gas model were estimated by varying 
the main input parameters within their measure- 
ment uncertainty, valve timing (±2 CAD), exhaust 
temperature (±50 K), and intake-to-exhaust pres- 
sure difference (±o.Dl MPa). The cycle-to-cycle 
variations of temperature and pressure within each 
operating point were also considered (one stan- 
dard deviation). Conversion from residual gas 
content to H20 concentration (and vice versa) is 
associated with additional uncertainties, most sig- 
nificantly the excess air-fuel ratio l measured by 
the oxygen sensor. Typical uncertainties for com- 
mercial sensors like the one used here are ±4%, 
resulting in an additional uncertainty between 
0.09 and 0.14 vol.% H20, depending on the oper- 
ating point. 

Figure 7 shows that simulation and measure- 
ments agreewithin their uncertainties. For all oper- 
ating points the average difference between 
measurement and simulation is about 8% with the 
best agreement at OP 6 with a difference of only 
3.3%. (In fact, especially in the "outliers" like 
OP 1, 5, and 7 the agreement is better ifwe ignore 
the sensor data and set l = 1.00, indicating that 
the oxygen sensor may be themost significant error 
contribution.) We may thus conclude that given its 
simplicity the residual gas model works quite well. 

 
4. Conclusions 

A new dTDLAS spectrometer was developed 
which allowed the first calibration-free, absolute 
measurement of H20 concentrations along a path 
through the combustion chamber of a near-pro- 
duction internal combustion (IC) engine. The 
H20 concentration serves as a proxy for the 
amount of residual gas in the cylinder after gas 
exchange. The four-cylinder inline production 
engine was equipped with two optical accesses. 
Because of the positions of the optical accesses 
they could not be used as-is for a line-of-sight 
method like dTDLAS. Therefore, a new, angled 
fiber-optical interface was developed that uses 
one optical access and the bore for the pressure 
transducer together with a scattering target inside 
the cylinder. The scattering target allows turning 
the laser beam by an angle of 90°, which enables 
the usage of the non-collinear ports, while consid- 
erably increasing alignment tolerance. The inter- 
face can be used with small ports (<12 mm). 
Especially the scattering target and the windows 
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proved to be insensitive to fouling and able to eas- 
ily withstand hours of fired operations. 

In contrast to other techniques applied for in- 
cylinder gas analysis, dTDLAS can be performed 
without calibration. It was already validated in a 
single-cylinder research engine [11,12]. Also 
strong and rapid transmission and emission 
changes, caused by the combustion process, can 
be monitored too and effectively corrected for. 
Residual gas content was evaluated during the 
compression stroke from -190 to -100 CAD. 
With a signal-to-noise ratio of over 50 and an 
optical resolution (lo-) of 1.9 x 10-3 fractional 
absorbance, a detection limit of 0.074 vol.% H20 
could be achieved. 

Several operating points with variations in 
engine speed (up to 3650 rpm) and loads (up to 
100 Nm) were used to induce changes in the resid- 
ual gas content. From an engine model the resid- 
ual gas content and thus the H20 concentration 
were calculated and the latter was compared with 
the dTDLAS measurements. Within the uncer- 
tainty of the dTDLAS measurement (7.5%) and 
the residual gas model (6.8-12%) good agreement 
between measurement and simulation could be 
found. Since the laser-absorption method had 
already been validated under engine conditions, 
albeit in motored operation in a research engine, 
this comparison in fired operation shows that 
dTDLAS is a useful tool for validating or improv- 
ing more complex engine models in terms of resid- 
ual gas content, a variable that cannot be checked 
directly by other means. 

Further measurements will be performed to 
extend the number of operating points for the 
comparison with the residual gas model. The 
model is simple enough that, together with a 
zero-dimensional model of compression, it could 
be integrated into the dTDLAS evaluation itself 
to augment that diagnostic with the needed input 
parameter temperature in an iterative fashion. 
Measurements with a another laser type (VCSEL) 
are planned that allow an extension of the mea- 
surement to the entire compression stroke, with 
an additional increase in the temporal resolution. 
Also, a single-port sensor is under development, 
which will enable measurements in any cylinder 
of a multi-cylinder engine, making this technique 
more widely applicable. 
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