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Abstract

Because of the high travel speed, the complex flow dynamics around an aircraft and
the complex dependency of the fluid dynamics on numerous airborne parameters, it
is quite difficult to obtain accurate pressure values at a specific instrument location of
an aircraft’s fuselage. Complex simulations using computational fluid dynamics (CFD)
models can in theory computationally “transfer’ pressure values from one location to
another. However, for long flight patterns, this process is inconvenient and cumber-
some. Furthermore these CFD transfer models require a local experimental validation,
which is rarely available.

In this paper, we describe an integrated approach for a spectroscopic, calibration-
free, in-flight pressure determination in an open-path White cell on an aircraft fuselage
using ambient, atmospheric water vapour as the “sensor species”. The presented mea-
surements are realized with the HAI (Hygrometer for Atmospheric Investigations) in-
strument, built for multiphase water detection via calibration-free TDLAS (tunable diode
laser absorption spectroscopy). The pressure determination is based on raw data used
for H,O concentration measurement, but with a different post-flight evaluation method,
and can therefore be conducted at deferred time intervals on any desired flight track.

The spectroscopic pressure is compared in-flight with the static ambient pressure
of the aircraft avionic system and a micro-mechanical pressure sensor, located next
to the open-path cell, over a pressure range from 150 hPa to 800 hPa, and a water
vapour concentration range of more than three orders of magnitude. The correlation
between the micro-mechanical pressure sensor measurements and the spectroscopic
pressure measurements show an average deviation from linearity of only 0.14 % and
a small offset of 9.5hPa. For the spectroscopic pressure evaluation we derive mea-
surement uncertainties under laboratory conditions of 3.2 % and 5.1 % during in flight
operation on the HALO airplane. Under certain flight conditions we quantified for the
first time stalling-induced, dynamic pressure deviations of up to 30 % (at 200 hPa) be-
tween the avionic sensor and the optical and mechanical pressure sensors integrated
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in HAI. Such severe local pressure deviations from the usually used avionic pressure
are important to take into account for other airborne sensors employed on such fast
flying platforms as the HALO aircraft.

1 Introduction

Open-path tunable diode laser absorption spectroscopy (op-TDLAS) is a promising
approach for airborne in-situ gas analysis. Op-TDLAS does not require to take a gas
sample into a closed measurement cell. Instead the gas is optically interrogated at its
“natural” location (= in situ) in an open, atmospheric light path. This has the advantage
of circumventing typical sampling problems like chemical reactions in the sampling line,
delay and integration effects due to the gas transport, or sampling artefacts related to
wall adsorption in the piping. This is particularly critical for strongly adsorbing gases
like ammonia, HCI or water vapour. op-TDLAS in airborne scenarios thus allows mea-
surements to be conducted directly outside the aircraft’s fuselage, e.g. using open-path
cells such as those described in Zondlo et al. (2010), May (1998) or at least by hav-
ing a large part of the optical path outside the airplane’s boundary layer (Diskin et al.,
2002). Hence, op-TDLAS is well suited for chemical analysis of reactive or strongly
adsorbing gases like H,O. However, absolute chemical species measurements — for
example using TDLAS — also need accurate measurements of the physico-chemical
boundary conditions, e.g. parameters like gas temperature and gas pressure. This is
particularly true for airborne open-path gas analysis and especially for calibration-free
TDLAS techniques (Ebert and Wolfrum, 2000; Schulz et al., 2007) where for exam-
ple no calibration to the flight speed is done and therefore pressure and temperature
information is indispensable.

Pressure measurements represent a challenge in several ways, since they are
needed for the final step in the evaluation of a volume concentration measure-
ment (often applying the ideal gas law). The pressure might also be needed for the
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precalculation of fit parameters (like the collisional line width), thereby allowing a more
robust fitting evaluation or a fit stabilisation during rapid concentration changes.

In principle on an aircraft and in particular on a research aircraft such as the HALO
(High Altitude and LOng Range) research aircraft (Krautstrunk and Giez, 2012), a good
static ambient pressure calculation based on several sensors is available (Giez, 2012).
But the related measurements are conducted in front of the nose of the aircraft (in
a so-called “noseboom”) and thus far away from most other sampling locations such as
sampling inlets or our open-path cell, which could not be placed in an exposed spot like
the noseboom. Through extensive computational fluid dynamics (CFD) models, each
measured pressure value can be theoretically “converted” to any another location on
the aircraft’s fuselage. This however requires that all static dimensions of the airplane
as well as dynamic flight and ambient air parameters are known or can be measured.
But, in practice, problems arise because an accurate CFD model of a newly devel-
oped aircraft is often the intellectual property of its manufacturer and thus not available
for transfer calculations. Further it is typically optimised to airplane development is-
sues and not towards research issues. Consequently, the users need to set up their
own CFD models, which is extremely time-consuming and often still inaccurate due to
missing special data. These computationally intensive simulations for pressure transfer
calculations then have to be made for all flight conditions, which again increases the
working effort and computational load and thus asks for alternative ways of deriving
a local pressure, e.g. at the location of an airborne sensor outside the airplane.

In practice it is certainly a possibility to install a compact pressure transmitter directly
at the measurement location. But this then leads to the need to validate the local pres-
sure sensor and to compare it with the static pressure derived from the noseboom.
An additional sensor outside the aircraft fuselage also requires substantial certifica-
tion efforts, even for bird strike certification tests and the like. Developing a special,
certifiable pressure sensor interface could also result in an ambiguity and the need to
determine the “real” pressure values and to compare it for example with the optical
light path of the open-path cell. In an ideal case, pressure measurements need to be
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validated against multiple “reference” sensors, using an independent method parallel
to the actual measurement.

Therefore we describe, in this paper, for the first time an in-flight, open-path pres-
sure determination method using calibration-free TDLAS with the challenge to perform
the pressure measurement simultaneously to the concentration measurement on the
same, highly variable target measurand. These optical pressure measurements are
subsequently used for the validation of a small, micro-mechanical pressure sensor in-
stalled close to the open-path TDLAS pressure measurement. In our case the target
species is water vapour despite its very large atmospheric concentration ran%;e and the
aggravating in-flight conditions and the high gas velocity of about 900 kmh™ .

2 Theory
2.1 Tunable diode laser absorption spectroscopy (TDLAS)

The setup and working principle of a typical TDLAS instrument is described in detail in
many books, lecture notes and papers (e.g. Werle, 1998; Lackner, 2011; Schiff et al.,
1994). The use of the dTDLAS (direct TDLAS) evaluation method for gas analysis,
which aims at avoiding typical calibration procedures with reference gas standards
containing a defined target gas mixture, is less common (Ebert and Wolfrum, 2000;
Schulz et al., 2007; Farooq et al., 2008; Mihalcea et al., 1997). Numerous applications
provide specific boundary conditions that prevent or significantly complicate a well-
controlled calibration process. Such application scenarios include the sampling-free
in-situ gas analysis in combustion or other reactive processes like power plants (Ebert
et al., 2003) or the detection of gas species like NH; (Pogany et al., 2010) where the
preparation, storage and transport of calibration gas mixtures is complicated or even
currently impossible. In such situations, where mobile calibration sources are difficult to
obtain (such as for water vapour at low (< 100 ppmv) mixture fractions), the benefits of
calibration-free sensing principles can be fully utilised. Nevertheless a calibration-free
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instrument can also still be calibrated/validated, e.g. after a campaign (Buchholz et al.,
2013b), so it is not a choice for or against a principle.

The principle of non-calibrated, absolute dTDLAS is presented here very briefly (in
reference to the above-mentioned literature), and the bulk of the effort is focused on
the extraction of pressure values from the dTDLAS raw signals intended for species
concentration measurements.

2.2 Non-calibrated, direct TDLAS (dTDLAS)

BASIC SETUP The instrument (called “HAI” = Hygrometer for Atmospheric Investiga-
tions) used in this paper to extract absolute, high-speed pressure measurements from
an open-path absorption signal is first of all designed for open-path water vapour con-
centration measurements aboard a specialised high-speed research aircraft (HALO:
see www.halo.dIr.de), but the major functions for determining water vapour concen-
trations are secondarily for the pressure measurement. In the interest of a detailed
description of the pressure measurement principles we refrain from explaining all de-
tails of the concentration detection procedure, the basic details of which have also been
explained in detail elsewhere.

The basic setup of the HAI spectrometer is shown in Fig. 1 and can be visualised
in two separate building blocks. Block (A) is the actual open-path measurement setup
(Fig. 1, left) where the water molecules are detected. The entire data evaluation of the
spectrometer is concentrated in building block (B), which comprises the main electron-
ics unit of the spectrometer (Fig. 1, right). This spatial separation of the two building
blocks allows the spectrometer optics to be adapted to the specific requirements of the
individual application and is often advantageous when conditions at the measurement
region itself are complex or critical (such as open-path measurements on the outer
skin of an aircraft). Therefore the open-path cell of the HAI hygrometer has a direct
fibre-coupling without any transfer optics and a built-in detector. This avoids exposing
the rest of the spectrometer components to the large temperature (+50 to —70°C) and
pressure (1000—150 hPa) fluctuations by installing them in the aircraft cabin.
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An absolute evaluation of dTDLAS raw signals to yield mixture fractions of the target
species, which is for H,O concentrations possible with an accuracy in the single digit
percentage range (Buchholz et al., 2014), requires absolute gas temperature and gas
pressure measurements inside the open-path cell. The temperature data needed for
the laser signal evaluation are typically measured by a local T sensor at or near the
open-path section. The pressure within the measurement region is usually derived
from a pressure transmitter whose interface is located inside the optical unit of building
block A and which senses the gas pressure. This is reliably done via a pressure pipe, as
long as the frequency of the pressure variations over the flow time along the pipe length
is negligible. In complex situations, like on high-speed airborne platforms, both values
may be difficult to acquire due to dynamic effects. Therefore the open-path sensor has
two temperature sensors and a built-in pressure sensor (described later) to provide,
in combination with CFD models and several validations, reliable gas temperature and
gas pressure values for the evaluation process.

EVALUATION. One of the major steps of TDLAS spectroscopy is laser current mod-
ulation, which is derived from a frequency generator signal, which is used to control
a laser current driver. The laser chip temperature is stabilised using Peltier elements
driven by a separate temperature control loop. The laser current modulation frequency
is typically chosen in the range of 100 Hz—10 kHz, with a typical laser dependent cur-
rent amplitude of 1-150 mA. The current modulation induces the desired, continuous,
dynamic wavelength tuning (typically < 3cm™! for a distributed feedback laser (DFB)
laser), as well as laser intensity or amplitude modulation. After transmitting the laser
light through the measurement region the molecule-specific attenuation is captured
and converted into a photo current using a detector, acquired with suitable data ac-
quisition electronics, and saved to disk as raw data for further offline evaluation. In
principle the HAI instrument contains two independent TDLAS spectrometers (working
at 1.4um and 2.6 um, respectively). For the spectroscopic pressure determination in
this paper solely the 1.4 um part with the H,O transition (00—101, 110-211) at 1370 nm
(7299.4 cm‘1) is used.
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The major evaluation steps to obtain the H,O absorber concentrations are as follows:
the wavelength-dependent light intensity /(1) captured behind the measurement region
of thickness L is described via the extended Lambert—Beer equation (Eq. 1), which can
be written as

[(A) = E(t)+1o(A)-Tr(t)-exp [-S(T)-g (A= 2p)-N-L] M

with N being the number density of the molecular absorbers. The initial laser intensity
/(1), the background emission E(t) and the broadband transmission losses Tr(f) are
synchronously derived from the individual raw signals and absorption profiles. Molecu-
lar line data like absorption line strength S(T) and its temperature dependence is either
obtained from the HITRANO8 database (Rothman et al., 2009) or derived from our own
dedicated measurements (Hunsmann et al., 2006). Other molecular spectral param-
eters, e.g. self or foreign broadening coefficients and their temperature dependence
as well as pressure-induced line shift etc., of the normalised shape function g(4 — 1)
(centred at the wavelength 1) are also obtained from the same data sources.

The combination of the extended Lambert—Beer equation (Eq. 1) with the ideal gas
law allows to derive the amount fraction ¢

kT /In (l(v)—E(t)) dv

T = @
(T)-L-p Io(v)-Tr(t) ) dt

The amount fraction ¢ is in metrological units correctly specified as [molmol_1 =mol
absorber per mol gas] which is in the environmental community more frequently as-
signed as “volume fraction” e.g. in units of ppmv or Vol.-%. In Eq. (2) the dynamic
tuning coefficient of the laser % (which is a constant property of the individual laser)
and fundamental physical constants such as the Boltzmann constant kg are needed to
solve this equation. The first is derived experimentally using the airy signal of the laser
light passing through a planar, air-spaced etalon (Ebert and Wolfrum, 2000; Schlosser

et al., 2002). From long-term 9 measurements over several years we could verify, for

dt
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the used laser type, a long-term stability of this basic laser property to better than 1 %,
which is within the current uncertainties of the tuning characterisation.

For the pressure (p) and temperature (T) measurements it is important to note that
no other hidden parameters generate unwanted additional degrees of freedom in the
evaluation, so that no calibration, in particular, has to be conducted for the target
species. This explains why we term this technique “calibration-free”. (Of course we
have to calibrate our individual pressure and temperature sensors, but the response
of the entire spectrometer with regard to the derived target gas concentration is not
calibrated, in contrast to usual procedures, Muecke et al., 1994.)

2.3 Line broadening

The dTDLAS signal evaluation uses, via the spectral broadening parameters of the
molecule, previous knowledge in order to model the precise shape of the molecular ab-
sorption signal contained in the raw signal. This modelling also connects the measured
gas pressure and temperature with the spectral broadening parameters to the modelled
line shape and line area. These links are therefore based on the dependence of the line
shape, width and position of the used absorption line on changes in the physicochemi-
cal boundary conditions such as gas pressure and temperature as well as composition
of the gas matrix. As soon as sufficient information on the boundary conditions in the
measurement zone is available it is also possible to invert those relations and not only
determine absorber concentration via laser absorption spectroscopy, i.e. dTDLAS, but
also gas temperature (Teichert, 2003; Yang et al., 2011) or — as described here — also
the gas pressure.

2.3.1 Line-broadening effects

The width of the absorption line, in our case the H,O transition (000—101, 110-211) at

1370nm (7299.4 cm™’ ), is influenced by gas temperature, gas pressure and the matrix
composition. For atmospheric applications the matrix changes can be ignored in most
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cases as the basic air composition remains constant. Regarding the individual broad-
ening contributions, natural, Doppler and collisional broadening have to be considered.
Natural line broadening is too small to be noted in tropospheric signals and thus can be
neglected at these conditions. The influence of temperature-induced broadening by the
Doppler-effect arises from the absorber movement because each molecule, depend-
ing on its velocity of movement towards the light, is penetrated in its inertial system
by a small Doppler-shifted light frequency. Therefore, this velocity (and hence, the fre-
quency) is Maxwell-Boltzmann-distributed and can be described by a Gaussian shape
function with the width ypg,per as follows:

Vo\  [2kTIn2 LT
YDoppler = (?) —— =3.581x10 7V°‘/M (3)

If the gas temperature is measured in the experiment with sufficient accuracy, Doppler
broadening can be calculated directly and thus does not have to be fitted.

The collisional broadening, which mainly describes the pressure influence, i.e. the
interaction between the absorber molecule and its collision partners, is to be discerned
with regard to collisions between absorber species (leading to self-broadening) or
“mixed” absorber-matrix-species collisions (leading to foreign broadening). This pro-
cess is also strongly affected by the complexity (Peach, 1981), type (long/short-range
forces) and strength of the interaction and the quantum state of both collision partners.
Collisional broadening coefficients thus typically have to be determined experimentally.
The commonly used line shape profile is the Lorentzian shape function. The pressure
and temperature dependence of the collisional half width can be empirically expressed
as

_ (.0 0 1 (To\" 4

Yiorentz = (yL Se|f'pself + VL foreign 'pforeign> p_O ? ( )

The broadening coefficients y (yf_’ <eif "€Presenting self-broadening, and yf_’ foreign for-

eign broadening) are obtained from databases such as HITRAN (Rothman et al., 2009)
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or from own measurements (Ortwein et al., 2010) when the database accuracy is inad-
equate or a certain foreign gas mixture coefficient is not available in literature. pso; and
Proreign @re the partial pressures of the target absorber gas (here water vapour) and the
individual surrounding gas species (here air as a gas mixture), respectively. The factor
p1—0 with py = 1atm = 1013.15hPa is used to scale the y values to the common units
cm atm™.

The temperature dependence of the collisional broadening is specified by the tem-
perature coefficient n and must be specifically considered when temperature variable
measurements, far away from the reference temperature 7, = 296K, are conducted.
Typical values for n are between 0.4 and 0.9. For the water line used in this paper we
had previously determined n to be 0.74 (Hunsmann et al., 2006).

2.3.2 Superposition of broadening effects

The Doppler and collisional broadening mechanisms have to be convoluted to the so-
called Voigt line shape to represent the measured absorption line shape profile. This
Voigt profile cannot be expressed in purely analytical form. However, numerous numer-
ical approximations are available in literature such as (Herbert, 1974; Armstrong, 1967;
Klim, 1981). A commonly used approximation that takes relatively little calculation time
can be written as (Olivero and Longbothum, 1977)

Vvoigt =0.5346- Yiorentz T \/(0'21 66Vforentz + ysoppler> (5)

The Voigt approximation neglects higher-order effects such as Dicke narrowing (Dicke,
1953), for which higher-order line shape (HoLS) models such as Galatry (Galatry,
1961) or Rautian—Sobelman (Rautian and Sobel’'man, 1967) profiles are needed.
HoLS models can be interesting at high signal-to-noise ratios and lower pressure
WheN ¥ orentz < Ypoppler (KOChanov, 2011, 2000; Lepere, 2004; Pickett, 1980; Varghese
and Hanson, 1984). The range for the used absorption line at 1370 nm is for y| orentz
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about 0.1-0.02cm™" and for YDoppler 0-01 cm™in typical atmospheric conditions (200—
1000 hPa). Strict minimization of the degrees of freedom of the fit is an issue, in par-
ticular for low signal-to-noise spectra, which can strongly influence the fit stability and
reliability. Thus, with respect to the objective to measure pressure (and concentration)
on fast airborne platforms, we did not use HoLS since they would only be interesting
for the lowest targeted atmospheric pressure range, where the signal-to-noise ratio is,
due to the associated low H,O concentrations, also low.

2.4 Pressure determination using TDLAS

Many TDLAS studies on pressure broadening (e.g. Ortwein et al., 2010; Pustogov
et al., 1994; Vorsa et al., 2005; Giesen et al., 1992) are available in the literature.
These use in principle the inverse method for pressure determination via TDLAS (e.qg.
Brown et al., 2010).

Figure 2 shows — at constant temperature and humidity — the above-discussed Voigt
line shape profiles for different pressures. The pressure-induced line broadening clearly
offers the possibility to determine the total pressure from the measured line broaden-
ing. The apparent problem of the algebraically missing solution for the deconvoluted
Voigt function can be solved by a precalculation of the Doppler component with the
measured gas temperature as described in Eq. (3) and fitting the Voigt line shape to
the measurement data by using the Voigt approximation (Eq. 5) to obtain the Lorentzian
width YLorentz-

The partial pressures in the equation for the Lorentzian width Eq. (4) can be replaced
by the water concentration combined with the total gas pressure. Thereby, the total gas
pressure p becomes separable (Eq. 6)

n
— (90 0 P
Yiorentz = (yL H,O self - CHzo YL air foreign (1 B CH20>> ‘ ,0_0 . <?) ©
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and can thus be isolated Eq. (7)
YLorentz * Po (7)

0 C 0 1-C Ty n
YL H,O self ~H.0O Y airforeign  \ ' ~ “H0) ]\ T

Equation 7 contributes to the following discussion: (A) the Lorentzian width y| gents
can be determined (as described above) using the fitting process during absorption
profile evaluation. Again, the dynamic tuning coefficient of the laser % is needed to
transfer the raw scan from time space to wavenumber space. (B) The foreign broad-
ening coefficient (V| air foreign) @s Well as the self-broadening coefficients (v 1,0 seit),
are molecule-specific parameters and can be measured in an independent lab experi-
ment, or taken from HITRAN[13], but with relatively large uncertainties of 5 % and even
10 % for foreign and self-broadening, respectively. Since the foreign broadening co-
efficient has a significantly larger influence we recently re-measured it with improved
uncertainty (HWHM 0.1077 cm atm™' 2.5 %) at the PTB national humidity standard
(Heinonen, 2002). (C) The influence of the concentration Ch,o0 on the optical pres-
sure measurement has to be critically discussed, because conversely, for calibration-
free concentration evaluation (Eq. 2), the absolute gas pressure is required. For typ-
ical atmospheric water vapour concentrations ranging from single-digit ppmv to ap-
proximately 45000 ppmv (at —70 to +40°C), the relative influence of self-broadening
is strongly suppressed under most atmospheric sections (Fig. 3, left) and certainly
well below 10 %. Figure 3 (right) shows for better visualisation a typical smoothed at-
mospheric water vapour profile. The pressure on the x axis is directly correlated to
the flight height and, finally, with the altitude above the ground. Hence, even when
the pressure is unknown, an iterative curve-fitting process can be done by neglect-
ing the self-broadening (Cy,o = 0) at the first iteration. Using this pressure value, the
first calibration-free CHZO evaluation iteration can be executed, to obtain the maximum
10 %-deviated Cy;,o values (Eq. 2). These values can be used in the second itera-
tion to reduce the maximum total gas pressure deviation to 1 % by neglecting all other
deviation contributions.

p:
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An alternative way which avoids the iterative process can be described as fol-

lows: Eq. (2) can be written as: p-cy o = slz?)TL [In (g‘;&;ﬁg) &dt, where the line area

[In (ﬁ‘;&;ﬁg;) %dz‘ can be evaluated directly from the fitting process.

0 r\" .0
yLorentz'p0'<ﬂ) —(VL HoO selfTYL airforeign)‘p'CH20

Equation (6) can thus be rewritten as: p = e
L air foreign
From a practical point of view the fitting process can be better controlled and mon-

itored in the iterative procedure, since the fitting process of noisier absorption profiles
from field situations measured at gas velocities of up to 900 km h™" is less robust as it
also has to correct for various optical disturbances.

Combining all broadening influences and applying them to typical atmospheric con-
ditions (described by pressure, temperature and concentration profiles vs. height), the
simulated profiles shown in Fig. 4 for the four selected height levels (marked “1” to
“4” in Figs. 3 and 4) can be obtained. The individual pressure, temperature and self-
broadening contributions to the line width are graphically illustrated in Fig. 5 for a mid-
value and two extremes, which show the maximum range of the contribution, that can
be found under typical atmospheric variations. These contributions are considered later
in detail when estimating the uncertainty contributions to the optical pressure determi-
nation.

Crucial in this process and similar to calibration-free concentration evaluation
(Sect. 2.2) is the design of the optical pressure determination procedure in a way that
avoids any pressure calibration for the optical signal. An accurate pressure calibration
at 900 kmh™" air speed would indeed be quite difficult to achieve, especially because
a calibration under static conditions is very difficult to transfer to the highly dynamic,
high-speed flow situation on a flying aircraft. The calibration-free optical pressure de-
termination is therefore an elegant method to provide an independent way of validating
other, built-in, classical, inflight pressure sensors in the measurement region.

Generally it can be stated that water vapour is certainly a suboptimal sensor species
for pressure determination owing to its very high atmospheric variability (more than
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four orders of magnitude) and its very low signal levels in and above the tropopause
(compare Fig. 3). Other more suitable molecules like CO,, CH, etc. show negligible
self-broadening effects and much weaker changes in the SNR (signal-to-noise ratio),
e.g. the atmospheric CO, fluctuations are much smaller (only double-digit percentage
range at a basis concentration of about 400 ppmv). However, the primary goal of the
HAI open-path sensor (Buchholz et al., 2013) is the realisation of a calibration-free,
multi-phase water vapour measurement, for which the built-in micro-mechanical pres-
sure transmitter has to be validated to stabilise and accelerate HAI’s fitting process.
Thus an optical, water-based pressure determination is more an additional benefit of
the HAI instrument, which comes at very little extra cost, but which significantly im-
proves HAI's performance and robustness. With knowledge of the correct and vali-
dated total gas pressure, a spectrally stabilised spectrometer such as the HAI can
precalculate pressure-dependent spectral parameters such as the pressure shift of the
absorption line position as well as the line broadening and provide them as predeter-
mined parameters, thereby significantly minimizing the degrees of freedom and thus
the stability and robustness as well as the accuracy of the spectral fitting process. Ul-
timately the degrees of freedom for the absorption line could be reduced to one final
value, namely the line area. This procedure may be executed only when the pressure
transmitter data adequately matches with the spectroscopically “sensed” pressure.

2.5 Uncertainty consideration

For measurements under harsh conditions and with complex flow dynamics (e.g. on
the aircraft fuselage), it is difficult to assign a measurement uncertainty in the metro-
logical sense (Joint Committee for Guides in Metrology (JCGM), 2008). Nevertheless,
the uncertainty is estimated for the purpose of classifying the accuracy of the final
measurands (and always stated as 1 sigma values).

First, the measurement by itself should be evaluated under laboratory conditions,
followed by estimates of the additional influences when the measurements are per-
formed on an aircraft. To estimate the total uncertainty of the “optical”’ pressure, which
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is determined via Eq. (7), we take into account the error in the self-broadening coeffi-
cient (yf H,0 self)» Which is taken from the HITRANO8 database (Rothman et al., 2009)
with 10 % uncertainty (10). The temperature coefficient (n) was measured by our group
within 5% (Hunsmann et al., 2006), and the air broadening coefficient (V| 4 foreign) 1S
obtained from unpublished measurements at the PTB with an uncertainty of 2.5 %.

For the uncertainty calculation we assume a water vapour mixture fraction of
2000 ppmv, which is determined with an uncertainty of 5%, and a gas temperature of
273 K determined with 1 K uncertainty, which realistically can be achieved under quasi-
static conditions. Finally, the collisional width (V| orentz), Was set to 0.12cm™' FWHM
(equivalent to 560 hPa) with an uncertainty of 2 %, which includes a conservative un-
certainty estimate for the fitting process and the uncertainty of the dynamic tuning,
which has to be measured to evaluate the laser signals. All these contributions result
under laboratory conditions in a total uncertainty in the optical pressure determina-
tion of 3.2%. The largest relative contribution to the total uncertainty is caused by
the uncertainty of the air foreign broadening coefficient (58 % relative), followed by the
measurement of the collisional width y| gent, (38 % relative).

To transfer this uncertainty estimate to the inflight situation on the aircraft’s fuselage,
it is necessary to adapt the uncertainties of the measurands to the inflight situation. The
gas temperature uncertainty is then assumed to be 7 K, which is derived as a quite con-
servative estimate from a CFD simulation of the pressure and temperature field within
the open-path cell. The uncertainty for the width determination (y| orentz) iS doubled in
light of the harsh environments in the high-speed flow plus broadband light scattering
or radiative detector offsets caused by the sun. In total this results in an overall uncer-
tainty of 5.1 % for the optical pressure determination, with the largest contribution com-
ing from the width measurement y| yent; (61 %) followed by the uncertainty of the air
broadening coefficient (23 %) and the temperature measurement (14 %). This estimate
is realistic for absorption profiles such as in Fig. 7 (discussed later in detail), where the
SNR is quite high. Clearly, during flight tracks with very strong optical disturbances or
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in general at very low H,O concentrations the width uncertainty increases owing to the
reduction of the SNR.

3 Installing the open-path cell on HALO

The “HAI” multiphase hygrometer was successfully tested on the HALO research air-
craft during the first scientific HALO mission in the second and third quarter of 2012.
The aim of this science campaign, called TACTS (Transport and Composition in the
UT/LMS), was to study the seasonality in the UTLS (Engel et al., 2013). Additionally,
HAI was part of the scientific payload during the ESMVal (Earth System Model Valida-
tion) (Schlager, 2014) campaign.

The highest achievable flight level of the HALO aircraft determines the practically
relevant pressure range for sensor validation, which is approximately 150 to 1000 hPa.
The installation schematics (depicted in Fig. 6, top, together with a photograph of the
HAI open-path cell, bottom) show the open-path sensor after being installed on the
HALO fuselage. The White type (White, 1976) open-path cell has a mirror base dis-
tance of approximately 15cm, which yields an optical path length of 4.2m (indicated
in red between the pylons in Fig. 6). The main electronics part and the HAI lasers are
housed in the cabin. The Hai control unit and the open-path cell are connected via
glass fibres. The air temperature within the HAI open path is measured via two plat-
inum PT100 sensors. Certification requirements made it almost impossible to develop
an isokinetic temperature sensor which protrudes in the gas flow. Hence, simulation
models will be developed by the Forschungszentrum Jilich to estimate and correct the
boundary layer effects acting on the surface-mounted PT100 sensors. The resulting
temperature offsets (and corrections) are not as critical for the optical pressure mea-
surement and hardly affect the pressure validation discussed in this paper in view of
the uncertainty budgets mentioned above.

The Hai open-path sensor also includes its own pressure sensor based on a com-
mercial piezo pressure transmitter (New Port Omega). This sensor is installed behind
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a rectangular interface in the open-path cell. Furthermore there is a second pressure
“signal” via HALO’s static ambient avionics pressure (Giez, 2012) which is calculated
based on a multidimensional pressure determination at the aircraft's noseboom (Giez,
2012). Thus there are in total three independent pressure values which can be com-
pared: the optical TDLAS and the piezo sensor within HAI and the HALO avionic sys-
tem.

The high complexity of the HAI multiphase hygrometer does not allow a comprehen-
sive description in this paper. Therefore, only the components relevant to the spectro-
scopic pressure measurement have been explained (Fig. 1). A full-length description
of the HAI instrument is planned and will also be focusing on multi-phase H,O mea-
surements.

4 Results
4.1 Signal evaluation

A typical TDLAS absorption signal profile after baseline, offset and transmission correc-
tion is shown in Fig. 7 (top) for a water vapour concentration of approximately 1900 ppm
at a temperature of 1°C and 440 hPa pressure. Here, the DFB laser is scanned over the
H,O transition with a repetition rate of 240 Hz. The detector signal after the absorption
path in the open-path HAI cell is digitised at 480 ksamples s~! and 14-bit resolution.
Before further evaluation fifty individual raw absorption profiles are pre-averaged re-
sulting in an effective time resolution of 210 ms. This averaged signal is fitted to the
above-described Voigt profile to obtain the effective collisional contribution v rent, Of
the total line width (Eq. 6), which is then used to determine the pressure, as described
above. Figure 7 (bottom) shows the residual between measurement and model as de-
termined by the fitting process. (It has to be noted that — during this measurements
— the gas velocity through the open-path White cell is approximately 900 km h™! .) The
typical Allan variance evaluation of system stability is not possible for HAI owing to the
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high H,O concentration fluctuations in the flight data. Thus we determine optical per-
formance data for the HAI open-path sensor from the global residual variance (1 o),
which we define as the standard deviation of the residual over the entire fit range. The
ratio between the global residual variance and the peak optical density (ODpggy) re-
sults in a SNR of about 483. Assuming a linear relationship between ODp,,, and the
water vapour concentration Cy,¢ this value can be used to estimate the sensor reso-

. C . . .
lution % to 3.95ppmv. To compare this value with other spectrometers, a time and

path length normalisation can be deducted, which results in a normalised resolution
-1/2
Onorm [H,0] = 7-6ppPMVmMHz /2,

4.2 In-flight intercomparison of pressure measurement techniques

Using the rare occasion of having available on an aircraft three independent pressure
measurement techniques (a micro-mechanical pressure (MMP) transmitter, the static
ambient avionic pressure (SAP) and the TDLAS pressure (TP)), we can realise an
in-flight pressure sensor intercomparison under field conditions and discuss possible
deviations between the individual sensors as well as a validation of the new, TDLAS-
based, high-speed, optical pressure sensing technique.

When comparing these signals, however, one has to consider that the MMP and TP
can be sensitive to local variations in the pressure field (both in a slightly different way)
caused by the disturbance of the high-speed airflow in between the two HAI pylons.
The local pressure variation will react strongly on the impact angle and speed of the
airflow through the HAI cell and its dynamic variations, and thus obviously on the ori-
entation of the HALO airplane relative to the major airflow. However, although this can
be expected, it was up to now not possible to directly detect and quantify such local
pressure variations. Furthermore since the avionic system does not have information
on the local velocity field and fluid dynamics around HAI's open-path cell, it had to be
expected that undetected local pressure modulation effects would modify the HAI water
concentration in an unpredictable and an unquantified way when using the avionic data
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for evaluation of the HAI data. This was the main reason for developing an integrated,
optical, open-path pressure monitoring system and to compare it with other means of
dynamic pressure measurements.

In the following we compare the pressure signals in two typical situations: disturbed
and undisturbed. Figure 8 shows a typical case of undisturbed superposition of the
three pressure signals, captured during a descent of the HALO aircraft. This descent
covers variations of a factor of four in pressure and a factor of 100 in H,O concentra-
tion. The MMP transmitter (black line) is located (see rectangular pressure transmitter
interface in Fig. 6) close to the optical measurement volume defined by the open light
path in the HAI White cell. The static ambient avionic pressure (SAP, red line) is derived
from HALO’s avionic system, measured at the noseboom in front of the airplane and
directly processed via HALO’s main data acquisition to provide the static ambient pres-
sure. Finally, there is the spectroscopy-based TDLAS pressure (TP, blue line) which is
discussed in this paper.

At first glance all three sensors pretty much coincide. Looking closer, the sensors
show consistent and systematic discrepancies, with the SAP being always high, HAI's
MMP being always low (averaged difference SAP — MMP = 28 hPa) and the optical TP
being all the time in between. These deviations have a simple physical/fluid-dynamical
explanation: since the air masses are accelerated in between the HAI pylons (see
Fig. 6), they experience a dynamical pressure reduction relative to the ambient pres-
sure, so that MMP (black) and TP (blue) which are “sampling” between the pylons
have to be lower than the static ambient pressure (SAP, red) measured by the avionic
system.

Comparing, furthermore, the two HAI pressure sensors, it has to be taken into ac-
count that the pressure measured directly by the MMP internal pressure transmitter in
the open-path cell (black) has to be lower, owing to the dynamic pressure reduction
caused by the airflow parallel to the surface of the MMP’s pressure transmitter.

The obviously higher fluctuations of the TP are caused by a combination of several
factors:
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1. Real pressure fluctuations which cannot be detected by the slow and integrating
MMP pressure transmitter.

2. Fitting noise has to be considered which shows up since quite fine broadening
effects have to be extracted at rather high accuracy to be used for pressure de-
termination. This noise (9 hPa (10) at 220 hPa) is also a consequence of the very
harsh measurement conditions, such as the high gas velocity of up to 900 km h™!
which also causes very fast optical transmission fluctuations. In addition the sig-
nal is impeded by fluctuating background radiance (caused by solar radiation)
impinging on the open detector (see Eq. 1).

3. Further, one has to consider imperfect separation of the self-broadening effects,
owing to the strong (100x) and fast H,O concentration fluctuation (see Fig. 8,
green line and right-hand scale).

4. Finally, the strong H,O absorbance variations also lead to strong variations in the
signal-to-noise ratio and hence to limitations in the fitting process.

Despite these imperfections, Fig. 8 nicely illustrates the mutual validation of all three
sensors, as the small differences (averaged difference SAP-MMP = 28 hPa, averaged
difference SAP-TP = 13 hPa; see also Figs. 9 and 10) can be attributed to the different
measurement locations and sensor installations.

This result therefore not only justifies water vapour as a suitable target species for
optical pressure determination. It also allows the validation of the optical pressure tech-
nique permanently — without any additional hardware effort (!) — while the standard
evaluation of the HAI water vapour signals is maintained at any given time.

The disturbed intercomparison case (shown in Fig. 9) removes the apparent redun-
dancy of the three pressure signals and explains why a “local” pressure measurement
at the HAI pylons is needed, for example to recognise fluid-dynamically critical situa-
tions, which may lead to significant systematic deviations in the pressure as well as the
H,O concentration measurement derived from the HAIl open-path cell.
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Similar to the figures above, Fig. 9 shows the three measured pressure values in
the same colour code. On the right-hand side (at t > 11:02LT) a steep descent from
200 to 800 hPa occurs, followed by four, fast, repetitive, small-scale, ascent-descent
movements with a pressure amplitude of only 50 hPa (see inset Fig. 9 on the right). As
in the case of the previous figure all sensors nicely overlap with average deviation over
the whole time of only within one percent (9 hPa at about 830 hPa).

The left-hand side of Fig. 9 (f = 10:32 to 11:02) shows, in contrast to Fig. 8, on two
occasions a significant discrepancy between the SAP and both HAI pressure sensors.
These strong, several-minutes-long, block-shaped pressure deviations with a relative
magnitude of 30% to SAP (Ap = approximately 70hPa) are not visible by the SAP.
However, MMP and TP agree in this situation quite well with regard to the amplitude as
well as the phase of this pressure excursion (to better than 5 %). If this deviation would
be measured by only MMP it would be very difficult to exclude any malfunction, e.g. due
to ice accumulation in the MMP interface. The excellent match between MMP and TP,
however, falsifies this assumption and asks for another explanation than a malfunction
of the MMP sensor.

This explanation can be found looking at additional aircraft parameters which influ-
ence the flow field around HALO. Also shown in Fig. 9 are the travelling speed of HALO
(= Mach number, orange line and scale on the left) and the angle between the atmo-
spheric fluid velocity vector and the wing surface (=angle of attack, green line and
scale). As depicted the strong pressure excursions correlate in an almost “binary” way
with the crossing of a minimum Mach number or a maximum angle of attack (dashed
lines).

Obviously the flow around the HAI sensor is obstructed or stalled at a certain angle
of attack/speed of the aircraft, so that the pressure in between the HAI pylons changes
abruptly. With a fully detailed model of the flow around the aircraft and its external
component parts, these pressure effects could also be simulated and superimposed
on the avionic pressure signal. But these calculations would have to be recomputed
for every flight parameter set (flight speed, HALO orientation), thus involving intensive
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computation over several hours of flight, which makes this a slow and unattractive
approach. Therefore, the possibility of validating the pressure transmitter in an open-
path cell with the same raw data for final humidity evaluation allows a much easier
clarification and verification of malfunctions (if there are any), thus allowing easy but
advanced data quality management.

Finally (see Fig. 10) we compare the HAI pressure sensors by directly correlating the
data from Fig. 9. The pressure detected by the MMP, the internal pressure transmitter
in the open-path cell, and the TP, the spectroscopically determined pressure, show an
excellent agreement which falls very close to the 1 : 1 bisector line. A linear fit is made
to elucidate the correlation quantitatively and yields a very small slope deviation of only
0.14 % from the ideal bisector slope. This demonstrates nicely the good agreement and
the linearity of the two sensors. The correlation of both sensors also falls well within
the +5 % corridor defined by the overall TP sensor uncertainty of 5.1 %. The correlation
plot also shows nicely that most of the individual data points over a wide pressure —and
hence H,O concentration — range match well. Only at quite low pressures, where the
SNR dropped significantly, a weakened correlation, caused by the dynamic changes
in the flight pattern at the high flight levels, appears. Figure 10 also clearly shows the
transition regions resulting from the pressure drop at the edges as a dynamic effect,
and the higher noise level caused by the low water vapour concentration (approximately
150 ppmv (Fig. 8)). Even fine details can be found: the offset of 9.5 hPa extracted from
the slope fit can be interpreted as a consequence of the air mass movement towards
the rectangular pressure transmitter interface, which leads — as mentioned above — to
a local pressure reduction. Perspectively, this offset will be an interesting parameter to
be checked when an entire CFD model becomes available. Overall Figs. 8—10 nicely
allow a mutual validation of the two HAI pressure sensors with each other and during
suitable conditions also of the TP and the MMP with the avionic pressure data within
a few percent.
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5 Conclusion and outlook

Highly accurate pressure measurements on research aircraft are quite difficult to re-
alise because of the complex flow dynamics and their dependency on several other
airborne flight parameters. To solve many flight issues, an accurate knowledge of the
static ambient pressure is required. Static pressure sensors are typically available with
a high level of accuracy. However, the determination of the exact pressure at a specific
location on the fuselage of an aircraft requires computationally intensive simulations
(using CFD models) for every flight parameter set.

In this paper, we presented an integrated approach to a purely spectroscopic,
calibration-free pressure determination using water vapour as the sensor species and
HAI as the sensing instrument. The HAI instrument is initially designed for multiphase
water vapour detection and serves here as an additional TDLAS-based gas pressure
sensor in the light path region of the HAI open-path White cell on the aircraft fuselage.
The optical pressure measurement was designed to be calibration-free and is purely
based on the knowledge of the relevant spectral parameters of the sensor molecule
describing the line broadening. The correction process, which has to be executed to
obtain accurate pressure values, has been described and takes self-broadening and
temperature dependence of the broadening parameters into account. For the spec-
troscopic pressure detection using HAI we determine — despite the high atmospheric
water vapour variability — a pressure uncertainty of 3.2 % for laboratory conditions and
5.1 % under flight operating conditions in the field.

The spectroscopic pressure determination was compared in the range of 150—
800 hPa with (a) a HAl-internal micro-mechanical pressure sensor and (b) the static
ambient pressure measurements of the aircraft avionics. The linearity deviation be-
tween MMP and TP was 0.14 %. A small dynamically induced pressure offset of 9.5 hPa
was found.

Occasional dynamic deviations from the static ambient avionic pressure confirm
the need for permanent CFD simulations under all flight conditions for validating the
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measured pressure. Alternatively open-path species sensors like HAI need a well-
designed micro-mechanical sensor or even better a spectroscopic pressure detection.

In the standard evaluation mode of HAI, this pressure detection is used for stabil-
ising and accelerating the fitting process. However, owing to the integrated approach,
a pressure validation can be done at any time using the same raw data, implying that
it is not a common, single pre- or post-validation process but a parallel execution.

The measured pressure data can additionally be included as validation parameters
for the development of a larger and more accurate CFD simulation model for inlet
systems such as the open-path cell.

In the future, it will be very interesting to apply this method to other atmospheric gas
species with smaller concentration ranges such as CO, and to directly increase the
resolution of the sensor in the low-pressure range. In principle, this can be realised
simply by changing the laser to a suitable CO, wavelength, e.g. in the 2.7 um region;
however, owing to enormous aircraft operational costs, this has to be combined with
the scientific use of the target concentration data and must therefore be planned as
a contribution in a future campaign.
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Fig. 2. Simulated absorption profiles of the used (000-101, 110-211) water vapour transition at
1370 nm (7299.4 cm‘1) at 100 ppmv water vapour for the atmospheric pressure range between
ground level and the mid-stratosphere. The line width is mainly influenced by the collisional,
foreign broadening by air, inducing a Lorentzian line shape for gas pressures above 100 hPa.
At the lowest pressures of 1 and 10 hPa the line shape (Gaussian) is mainly influenced by by
Doppler broadening.
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boundary conditions line width
C (H20) pressure temperature Lorentz Gauss line area
(ppmv) (hPa) (K) [FWHM] [FWHM]
100 200 233 4.TE-02 1.88E-02 3.6E-03
3 1200 400 273 8.5E-02 2.04E-02 5.9E-02

5700 600 293 1.2E-01 2.11E-02 3.6E-01
11500 800 298 1.65E-0 2.13E-02 9.7E-01

oD, [-In(I1,)]
»

0 | ! I : I ! I
7299.00 7299.25 7299.50 7299.75

wavenumber (1/cm)

Fig. 4. Simulated atmospheric H,O absorption profiles at positions 1 to 4 in Fig. 3 illustrating
the effect of (details see text) temperature and foreign- and self-broadening on the used water
transition (1370 nm) for a typical vertical atmospheric height profile. Parameter sets (T, p, C) of
the individual lines and the resulting line widths are also shown. All line shapes are based on
the same Voigt profile approximation, which is also used to pursue the fitting process.
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0.18 { H,0 concentration:

1= = = 15000 ppmv
0.16+4 ___ 7500 ppmv

0.14~ = ~10ppmv
0.12-
0.10-
0.08-

-4
YLorentz FwHM (€M)

0.06 -

200 400 600 800
gas pressure (hPa)

Fig. 5. Collisional line widths ¥, ,.nt; iNduced by foreign broadening (of the used 1370 nm transi-
tion) as a function of flight height (scaled as total pressure) for three atmospheric temperatures
(-50°C, —-25°C, +25°C) indicating the strong pressure and temperature dependence of the
collisional width. In addition the influence of self-broadening on the line width is shown for high,
mid and low H,O concentrations (dashed lines). A clear hierarchy becomes visible with the
largest impact from pressure, then temperature, then matrix composition. Thus the line width
can be used for optical pressure determination if the latter two can be compensated, i.e. if
concentration (self-broadening) and temperature effects are corrected for.
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HAl’s
temperature ‘ZOPEH'PGth cell
sensor.

— 4.3 m folded

HALO’s laser beam

win
g port for internal

! / pressure sensor!

TDLAS

main &
, instrument
HALO’s _—¥ electronics, laser g
fuselage - -

internal
pressure
sensor

fibres, wires /7:'

Fig. 6. Left: schematics of the HAI open-path sensor installed on the HALO research aircraft
fuselage. The open-path cell itself comprises two platinum PT100 sensors for air temperature
measurements for use in data evaluation. Our HAI pressure measurement interface port allows
comparison between the “spectroscopically determined” pressure and a standard pressure
transmitter. Additionally, several pressure sensors are installed in the noseboom of the HALO
aircraft. Right: photo of the installed, open-path TDLAS sensor. At the rear pylon two adjacent,
gold-coated, circular mirrors of the White cell are visible as well as one air temperature sensor
below the mirrors.
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T
I -1.0 °C gas temperature
| 440.2 hPa gas pressure C[H,0] = 1908 ppmv
FP=-2215°C

o

I measurement data
B with
fitted Voigt profile

N

-1
oD, [-In(I1l,) x10™"]
EY
T

o W o
— T

x1073

ODe residual

1
w

wavenumber (1/cm)

Fig. 7. Typical, pre-processed, in-flight line profile measurement after baseline-, offset- and
transmission-correction. The DFB diode laser scans across the H,O transition as shown with
240 Hz repetition rate; 50 individual raw scans are pre-averaged and the resulting average scan
is then fitted, resulting in 210 ms time resolution. The global residual variance 1 oy, of the fit
is defined as standard deviation of the residual over shown entire fit range. It has to be kept in
mind that the gas flow is passing through the open-path cell at approximately 900 km h™ (more
details see text).

4810

Jadeq uoissnosig | Jaded uoissnosig | Jaded uoissnosig

Jaded uoissnosiq

(®
{o

AMTD

7,4775-4813, 2014

Optical pressure
sensing on fast
aircrafts using

TDLAS

B. Buchholz et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/4775/2014/amtd-7-4775-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/4775/2014/amtd-7-4775-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

spectroscopically determined pressure (TP)

pressure transmitter in HAI (MMP)
800 {—— HALO avionic ambient pressure (SAP) 10* =
(S
— Q
© o
n_ S
< 5
© 600 - , =
= 11 s
g -
P 1 ()]
s H,O0 concentration 2
S 400- j 8
o o
410° £
200 2012-08-18]
10:57:00 11:02:00 11:07:00 11:12:00

local time

Fig. 8. Superposition of all three pressure measurands (bottom traces, left scale) as well as the
measured water vapour profile (top trace and right scale) vs. time during an aircraft descent
from 200 hPa to 800 hPa. Despite the micro-mechanical HAI pressure transmitter (MMP, black)
being placed very close to the open-path measurement volume, clear discrepancies to the
other pressure sensors are visible. These are attributed to the high-speed flow around the
HAI sensor and especially towards the rectangular pressure transmitter interface (see Fig. 6),
which can cause complex dynamic effects depending on the HAI orientation in the flow. The
red curve shows static ambient pressure measurements (SAP) from HALO’s avionic sensors
(Giez, 2012), located “in front” of Halo in the noseboom. The typical large atmospheric H,O
concentration variations (log scale!) are visible, indicating the necessity for detailed corrections
of the optical pressure measurement (explained in detail in text).
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spectroscopically determined pressure (TP) - 105
pressure transmitter in HAl (MMP) F===
800 { —— HALO ambient avionics pressure (SAP) 8
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[ / ]
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145 1120 £
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Fig. 9. Intercomparison of static ambient avionic pressure (SAP, red), micro-mechanical HAI
pressure (MMP, black) and spectroscopic TDLAS pressure (TP blue, all left pressure scale)
during certain HALO high-altitude flight manoeuvres and a subsequent descent. A clear inci-
dence of HALO’s aerodynamic influence of the effective pressure within the open-path volume
of HAI, leading to a strong deviation between the SAP and the HAI pressures (MMP/TP), can
be seen on the left between 10:30 and 11:00. The block-shaped pressure deviations of 70 hPa
(= 30 % relative Ap) are caused by self-shading of HAI during a HALO manoeuvre caused
by a change in the angle of attack (green line, right scale in green) and velocity (orange line
and scale on right) of the aircraft. (The resulting constraints in using HALO’s avionic pressure
measurement are discussed in the text.) At lower flight heights and less critical manoeuvres
(t = 11:20), all three pressure signals agree within 1% (9 hPa at about 830 hPa) (see inset on
the right).
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spectroscopically determined

pressure, TP (hPa)

800

600

400 -

200 +

linear fit value standard error
intercept 9.596 0.157

slope 1.0014 3.189E4
Pearson's R 0,999

200 400 600 800
HAI pressure transmitter, MMP (hPa)

4813

Fig. 10. Correlation plot between HAI's micro-mechanical pressure transmitter (MMP) and the
spectroscopic TDLAS pressure measurement (TP). Overall, the correlation can be well rep-
resented with a linear fit (red line) with a slope of 1.0014 and R = 0.9992. The complex flow
dynamic effects (e.g. Fig. 8) have some influence on the correlation, particularly at lower pres-
sure, and can lead to self-shading effects (green-marked, see Fig. 9) in the dynamic transition
region. The higher noise level at low pressures results from the strong H,O decrease at higher
flight heights.
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