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Abstract

:

Passenger safety requires that in commercial airplanes hydraulic actuators be powered by fire-resistant hydraulic fluids. As a downside, such fluids are hygroscopic which means that these tend to accumulate humidity from the environment and that the dissolved humidity tends to produce acidity which can corrode all kinds of metallic components inside a hydraulic system. As such damage in safety-critical subsystems is hard to localize and expensive to repair, sensor technologies are required which allow the state of water contamination and fluid degradation to be routinely checked and necessary maintenance actions to be scheduled in a way that causes minimum flight interruptions. The paper reviews progress that has been made in developing such sensor systems and in commissioning these into practical flight operation. Sensor technologies that proved optimally adapted to this purpose are multi-channel non-dispersive (NDIR) systems working in the mid-infrared range. Additional options concern optical absorption sensors working in the near-infrared and visible ranges as well as fluorescence sensors.
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1. Introduction


In commercial aircrafts, flats, slats, tail plane fins and landing gears, i.e., all kinds of safety-critical mechanical subsystems, are powered by hydraulic actuators. The reason for using hydraulics is that it can generate large forces at comparatively low weight. As the performance of hydraulic actuators is critically dependent on those fluids that power them, important maintenance issues arise regarding such fluids. Fire-resistant phosphate-ester fluids, which are commonly used in commercial airplanes, are hygroscopic in nature [1,2,3,4] which means that these tend to accumulate humidity from the environment through air-pressurized reservoirs and leaky seals. Absorbed water vapor together with Joule heat, which is generated upon hydraulic actuation, tends to break down the base fluids into smaller molecular fragments and into several kinds of acidic phosphates which are problematic for two reasons: firstly, such fragments support autocatalytic reactions, which speed up the degradation process, and secondly, these tend to corrode all kinds of metallic components inside a hydraulic system, thus generating metallic particle debris. Once caught inside pumps, valves and actuators, such debris can cause severe abrasive damage and ultimately gross mechanical failure.



As such downstream mechanical damage is hard to localize and expensive to repair, the continued performance of hydraulic fluids needs to be ascertained through repeated measurements. Conventionally this is done during C-checks—typically once in a year—by tapping fluid from the pressurized reservoir and by sending the tapped fluid to specialized laboratories where a range of relevant fluid properties can be determined. Depending on these results, either water is withdrawn from the hydraulic fluid and/or the fluid is partially or completely exchanged. A key problem inherent in this approach is that this maintenance-related information typically becomes available with a delay of one week or more, i.e., when the serviced aircraft should normally be back in operation. In case maintenance urgently needs to be done on the fluid, the plane might get grounded in a remote airfield with poor infrastructure, where such maintenance is hard to perform. As such unscheduled maintenance is associated with an interruption of the normal flight schedule and considerable cost to the airline operating this plane such unfavorable situations urgently need to be avoided. Airliners, therefore, have asked for in-plane fluid monitoring systems which allow relevant fluid properties to be measured with a daily or weekly frequency without tapping fluid from the pressurized hydraulic system [5]. Once available, such monitoring systems would allow fluid degradation trends to be established and necessary maintenance activities to be planned and scheduled to occur at times and in locations of the airliner’s choice without seriously interrupting their flight schedules.



In this paper we briefly review the progress that has been made along this line [6,7,8,9,10,11], focusing on the work performed at EADS Innovation Works, the predecessor organization of the current Airbus Central Research & Technology organization. In Section 2 we present a brief introduction into aviation hydraulic fluids, focusing on their preparation, chemical structure, and relevant degradation processes. In Section 3 we present optical absorption data, obtained on a range of widely used hydraulic fluids and spanning over a wide range of photon energies. In this way optical signatures of fluid contamination and fluid degradation have been identified which can be used to advantage in opto-chemical sensor systems. In Section 4, Section 5 and Section 6, state of the art optical fluid sensors and emerging sensor concepts are reviewed. In Section 7 we summarize our findings and make proposals for future research.




2. Hydraulic Fluids and Fluid Degradation


Esters in general are produced by reacting acids (HA) and alcohols (R-OH), yielding as reaction products the esters themselves and reaction water which needs to be withdrawn to obtain the pure product [12]:


HA + R-OH → Ester (A-R) + H2O.



(1)







When phosphoric acid, (H3PO4) is used to produce esters, three alcoholic side groups can be bound to a single phosphate core. Depending on the kinds of alcohols used, molecules with aliphatic and aromatic side groups can be obtained as shown in Figure 1.



Whereas the phosphate nucleus largely determines the fire resistance of the fluid, other fluid properties such as mass density, viscosity, compressibility, and their respective temperature dependencies are determined by the side groups. The key property of fire resistance of phosphate ester fluids derives from the high electron affinity of the central phosphate cores and their ability to extract electrons from excited electronic states inside the side groups towards the central core. In case of fire and high temperatures, the state of electronic excitation of the phosphate-ester molecules is thereby kept to a minimum and their resilience against oxidative processes is enhanced.



Commercial aviation hydraulic fluids mainly consist of mixtures of tributyl phosphate, di/-butyl phenyl phosphate and triphenyl phosphate [1,2,3] with their mixing ratios depending on the specific kinds of applications envisaged. Whereas these constituents may make up to 99% of the fluid, aviation hydraulic fluids also typically contain several percents of additives such as antioxidants, antiwear- and viscosity improvers and minor amounts of metal deactivators and dyes [1,2,3]. Some of the most widely used kinds of aviation hydraulic fluids is marketed by Solutia Inc. under the brand name Skydrol with their main constituents being listed in Table 1.



Once water is taken up into an aircraft hydraulic system, either during normal aircraft operation or through leaks that might have occurred during operation, the dissolved water molecules tend to drive back the ester formation reaction (Equation (1)), thus breaking down a fraction of the ester molecules into their component molecules again [12]. This degradation process is illustrated in Figure 2, emphasizing the important fact that the freed phosphate cores together with the dissolved water can form H3O+ ions which can corrode all kinds of metallic components inside the hydraulic system, thus causing metallic particle debris which can damage and obstruct pumps and actuators.



In aviation hydraulic fluids the generation of corrosive hydronium ions is suppressed by epoxide additives (see Table 1) which act as acid scavengers. With these acid scavengers being present, any partial phosphates that are split off from the base molecules by interaction with the dissolved water immediately become trapped by the epoxy additives and a rapid rise in total acid number (TAN) is prevented. Figure 3 shows that this fluid-internal repair process continues up to an acid scavenger depletion level of almost 90%. Within this long period of moderate fluid degradation, any further degradation of the base fluid can be prevented by extracting the dissolved water, typically in an overnight ground stop. The most important message contained in Figure 3 is that once this critical level of acid scavenger depletion has been reached, water contamination and hydrolysis lead to a rapid rise in TAN values which can only be counteracted by performing a much more expensive partial or complete exchange of the fluid. As such a break point in the fluid degradation trend may occur in between two C-checks, it might remain unnoticed for a long time and severe downstream mechanical damage could develop while the airplane is still in operation. In summary, Figure 3 vividly demonstrates the importance of a more or less continuous monitoring of the degradation process, and in particular, of arriving at early and reliable estimates of the remaining acid scavenger reserve.




3. Optical Signatures of Hydraulic Fluid Degradation


Attempting to find optical signatures of fluid contamination and fluid degradation, a large number of fluid samples were prepared [10,11] and contaminated with controlled amounts of water at room temperature and analyzed for their water content using conventional Carl-Fischer titration [13]. Other samples had been heat-treated after water-contamination inside small, sealed glass vessels to induce hydrolysis and acidification. To speed up thermal degradation, boiling was performed at 180 °C for about 6 h, which is equivalent to several months of thermal degradation inside a heavily used aviation hydraulic system [14]. Again, these thermally degraded samples were analyzed for their TAN values using conventional titration with potassium hydroxide (KOH) [12].



After preparation, the fluids were inserted either into a Fourier-Transform Infra-Red (FTIR) or a Near-Infrared-Visible-Ultraviolet (NIR-VIS-UV) spectrometer and optical transmission spectra were measured over a spectral range extending from about 2.5 to 24 μm in the mid-infrared (MIR) or 200 to 2700 nm (UV-VIS-NIR) wavelength ranges. After measurement, all spectra were normalized to their maximum transmission values    T  max     which occurred in a wavelength range which proved to be unaffected by water contamination and thermal degradation   λ ≈ 2670   nm   (   ν ˜  ≈ 3750      cm    − 1    ). Within such normalized spectra the strongest absorption feature was the C-H stretching vibration of the phosphate ester molecules, which occurred in the vicinity of   λ ≈ 3450   nm    (   ν ˜  ≈ 2900      cm    − 1    )    [15]. In order to emphasize those changes in spectroscopic behavior which occurred due to the water contamination and thermal degradation, difference spectra were generated by subtracting from each measured spectrum the reference spectrum of an undegraded fluid containing 0.2% of H2O. In this way spectra were obtained which do no longer show the dominating and unchanging C-H vibration, but which emphasize very clearly those spectroscopic changes that result from the water contamination and the thermal degradation. Some of those results obtained on water-contaminated and thermally degraded Skydrol LD4 samples are shown in Figure 4. As shown in more detail in Appendix A, similar data were also obtained on other kinds of commercial fluids. Additionally, shown in Figure 4 are assignments to molecular vibration modes which are discussed in more detail in Appendix B and Appendix C.




4. MIR Monitoring of Aviation Hydraulic Fluids


The most straight-forward way of arriving at an opto-chemical sensor system is concentrating, firstly, on those strong ground state absorptions which derive from vibrations of O-H groups which are either parts of dissolved water or split-off alcohols and, secondly, on those that derive from phosphate cores [16] which had lost their hydrocarbon side-groups.



As shown in Figure 5a, water contamination leads to an increase in the O-H absorption strength around 3500 cm−1. Upon fluid degradation, the O-H absorption feature shifts towards lower wavenumbers around 3300 cm−1 as O-H groups, initially bound to dissolved water, become bound to alcohols which had been split off from their phosphate cores. As long as the remaining partial phosphates are trapped by acid scavenger molecules, the broad, lower-energy phosphate absorption feature, left to the dominant C-H absorption of the base molecules, remains small. A strong increase in this feature, however, occurs after all acid scavenger molecules had become consumed. In this event, ongoing fluid degradation causes the TAN value to rise and the phosphate absorption feature to increase in proportion to the low-energy O-H absorption.



Figure 5b shows the decomposition of a measured MIR fluid transmission spectrum into its constituent parts. In this figure circles also indicate those four spectral positions which are probed by the 4-channel NDIR sensor system prototype described below. As described in more detail in our previous publications [10,11], probing the optical transmission inside these four windows allows the water content, the state of fluid decomposition, and the acidification of the fluid to be quantitatively determined. This capability is also demonstrated in Figure 6. In addition, and most interestingly, by combining the information of the phosphate and the alcohol O-H absorptions, the remaining acid scavenger reserve can be determined and estimates for the remaining fluid life can be obtained [10,11].



Figure 7 shows images of the developed sensor prototype. Figure 7a,b show the mechanical setup of the sensor system [9,10,11], featuring a thin fluid layer sandwiched between a thermal micro-electromechanical systems (MEMS) emitter [17] and a 4-thermopile sensor array [18,19], covered with narrow-band filters with their transmission windows centered around those four spectral ranges indicated in Figure 5b. In-depth technological information about the thermal emitter, the thermopile array as well as the high-pressure-resistant micro-cuvette are contained in a previous publication of our project partners [20]. Highlight of these developments was the successful fabrication of micro-structured multi-wafer stacks consisting of layers of infrared-transparent silicon and micro-structured low-temperature-cofired (LTCC) ceramic wafers to make up high-pressure resistant microcuvettes. Figure 7c shows a fully assembled MIR sensor system prototype containing these micro-components. In the final phases of the BMBF NAMIFLU project [21] these prototypes were successfully tested inside the Airbus Toulouse hydraulics test rig at internal pressures up to 400 bar. Such sensors were also successfully implemented inside the Ground Lab [9,22] shown in Figure 7d. This Ground Lab has been developed for Airbus by the hydraulics system provider HYDAC, containing the MIR sensor prototype shown in Figure 7c and an additional particle counter. Currently, such systems are being used to tap fluid from existing airplanes during ground stops and to provide rapid assessments of the chemical degradation and of the particle contamination of hydraulic fluids on ground without the need for time-consuming off-site analysis in distant laboratories. In this way maintenance activities can be speeded up and flight interruptions kept to a minimum.



A downside of the MIR monitoring system displayed in Figure 7 is that it works in a spectral range in which strong ground state absorptions dominate and where consequently sensor-internal optical absorption paths need to be kept very short (   d  o p t   < 300    μ m   ). MIR monitoring systems therefore feature large flow resistances which preclude their direct insertion into aircraft hydraulic systems. The much-desired aircraft-internal use only becomes possible when the MIR systems are positioned inside bypass sections which can be shut-off from the aircraft hydraulic system during flight. As such bypass sections require extra space and contribute additional weight, the present MIR systems can only be incorporated into newly produced aircrafts.




5. Optical Absorption Monitoring of Aviation Hydraulic Fluids in the Visible and Near Infrared Ranges


Considering the problem of flow resistance in MIR systems, optical absorption monitoring in the near infrared and visible ranges appears attractive. Optical absorption in these shorter wavelength ranges is much smaller and larger sensor-internal optical paths become possible. In order to assess this possibility, we show in more detail in Figure 8 those changes upon water contamination and thermal degradation in the short-wavelength region that occur in two widely used hydraulic fluids, i.e., Skydrol LD4 and HYJET V.



Whereas in both fluids water-related overtone absorptions of dissolved water of similar size and spectral positions can be observed, significant shifts of these absorption features towards longer wavelengths upon acidification cannot be detected. Absent also are overtone replica of the very broad phosphate absorption feature in the MIR. TAN-related absorptions, however, can be observed at optical wavelengths smaller than   500   nm  . Unlike the water absorption features, these latter changes in the VIS and UV ranges are very fluid dependent. As will become evident from the results presented in Section 6 and in Appendix C, the fluid-dependence of these latter features derives from the fact that different fluids contain different concentrations of esters with aromatic side groups. Very simple and effective water contamination sensors with large internal optical paths, however, can be built using commercially available NIR LEDs and NIR detectors, emitting and receiving in the ranges of water overtone absorptions. This latter capability is demonstrated in Figure 9.



High-pressure resistant versions of water contamination sensors can easily be produced using the technology already developed for the MIR systems described in Section 4 and described in more detail in ref. [20]. With their wider internal optical path lengths, however, NIR sensors can be directly placed inside existing hydraulic lines and positioned close to those components, i.e., pumps and actuators, where Joule heat is generated and where hydrolysis reactions are likely to take place. Measuring the local temperature rise during actuation at these spots, the generated Joule heat can be obtained by integration and the heat input into the water-contaminated fluid can be used to estimate the volume densities of base fluid molecules that are likely to have been degraded and the amounts of acid scavenger molecules that had been consumed in counteracting the increase in free phosphates [23]. Such sensors may find applications in innovative aircraft actuation systems which replace much of the conventional hydraulics by electronics and which leave the sole responsibility of generating mechanical power to distributed hydraulic power amplifiers, which contain besides the hydraulic actuators themselves also small dedicated hydraulic reservoirs with pumps and associated health monitoring systems.




6. Fluorescence Monitoring of Aviation Hydraulic Fluids


Further exploring the possibility of sensing fluid properties in addition to the water content using small light-weight sensors with large internal light paths, we have performed fluorescence experiments on pure and thermally degraded fluid samples. Key motivation for such experiments was that aviation hydraulic fluids contain ester molecules with phenolic side groups as shown in Figure 1, which as free molecules tend to fluoresce as these become excited with UV light [24].



The property of fluorescence emission is illustrated in Figure 10a, which shows fluorescence excitation and emission spectra of pure phenol. For comparison, Figure 10b shows an optical absorption spectrum of Skydrol LD4, which also shows a strong phenolic absorption at around   λ ≈ 260   nm  . Additionally, shown in this graph is the peak emission wavelength of those UV-LEDs that had been used in the fluorescence measurement setup of Figure 10c. Using this setup, the fluorescence response to a range of different hydraulic fluids was tested and which were subsequently flown through its fluid chamber. As expected, the individual fluids responded with different levels of fluorescence light as these contained different concentrations of esters with aromatic side groups. Figure 10e,f show that the fluorescence response significantly increases as fluids become thermally degraded and as their TAN values are increased. This result indicates that breaking aromatic side groups free from their parent phosphate cores increases their excited state lifetimes, and thus makes them more likely to undergo radiative recombination. As, however, this increase in fluorescence does arise from freed aromatic side groups and not from the bare phosphate cores themselves, the observed fluorescence increase is more an indicator of thermal fluid degradation rather than a reliable measure of the TAN value itself.




7. Achievements and Possible Ways Forward


In our work on aviation hydraulic fluids, we have been able to identify a set of optical features that allow the water content, the presence of thermal degradation products, and the TAN value of phosphate-ester hydraulic fluids to be assessed by purely optical means. Specifically, and as demonstrated in more detail in the Appendices, we could show that these features are universally present in all kinds of commercially available hydraulic fluids which is a huge advantage as in practical aircraft operation hydraulic fluids may be topped up with or exchanged by other brands of commercial fluids in case fluid maintenance needs to be done. With such universal features at hand, opto-chemical sensor technologies are in reach which allow for a continuous monitoring of relevant fluid properties without tapping fluid from pressurized hydraulic reservoirs and of sending samples to distant laboratories for off-site chemical analysis. With the help of online fluid monitoring, fluid degradation trends can be monitored during normal aircraft operation and necessary maintenance activities be scheduled to occur at routine ground stops without interrupting normal flight schedules. In this way, an important part of aircraft maintenance can be aligned with the general industry trend of replacing interval-based and corrective maintenance procedures by predictive and proactive procedures [25,26,27,28].



Among those opto-chemical sensor technologies which had been developed so far, NDIR sensors working in the MIR range have progressed to the highest level of maturity [10,11]. By probing the IR transmittance of aviation hydraulic fluids at four different wavelengths, such sensors allow all maintenance-relevant fluid properties, i.e., water content, thermal fluid degradation, TAN value and remaining acid scavenger reserve, to be determined with temporal frequencies much higher than in currently used aircraft maintenance schemes. A downside of the present MIR monitoring systems, however, is that due to the strong optical absorption in the MIR range, these feature small internal light paths (   d  o p t   < 300    μ m   ), much smaller than the internal diameters of hydraulic lines inside commercial airplanes (   d  i n t   ≈ 1   cm  ), and that these therefore can only be operated inside bypass lines which can be shut off during flight.



In order to move closer to the requirements of predictive maintenance concepts of continuously monitoring machine data, of sending them via internet to the machine manufactures and for enabling the manufacturers to send out service recommendations, future sensor developments should aim at removing flow restrictions and to allow sensor use during normal machine operation. A first step into this direction becomes possible by making use of the NIR water monitoring sensors described in Section 5. When such flow-through sensors are directly placed close to the hydraulic actuators where Joule heat is generated and where fluid degradation takes place, the generated heat can be determined from local temperature rise data and estimates of the ensuing fluid degradation and acid scavenger consumption can be obtained by calculation, making use of the known water contamination levels inside the fluid. With regard to the present state of the art, it is relevant to note that such concepts can be turned to reality by completely relying on sensor and electronics hardware which is already commercially available.



Aiming at flow-through sensory capabilities beyond water monitoring, additional research is required. Looking towards the future and considering the proven potential of MIR monitoring systems, developing MIR monitoring systems based on total-internal-reflection (ATR) geometries is a very interesting option. ATR is a well-established laboratory technique, which is routinely used in the analysis of fluid samples and which is also increasingly used in the sensors field [29,30,31,32,33,34,35,36,37]. The attractivity of the ATR technology is that it uses light which is evanescently coupled from a prism or a grating into a thin surface layer of the fluid to be tested, leaving the rest of the fluid unaffected. Very interestingly, an ATR sensor system with an architecture very similar to the MIR sensor system described in Section 4 has been developed by Geörg et al. [32,33] for the analysis of chemical reaction mechanisms. Further interesting developments are MEMS components for the realization of ATR sensor systems such as silicon microgroove ATR mirrors [34,35] and micromachined Fabry-Perot spectrometers [36,37] which potentially allow discrete multi-channel sensor systems to be turned into full-scale micro spectrometer systems.



Further interesting options are fluorescence sensors. In Section 6 we have demonstrated that aviation hydraulic fluids feature an intrinsic fluorescence which derives from the aromatic side groups attached to phosphate-ester molecules. As described there, a downside of this intrinsic fluorescence is that its magnitude is very fluid-dependent and that it increases as phosphate-ester molecules become broken down during fluid degradation. Further, as the fluorescence of detached aromatic side groups does not provide a direct measure of the number of partially and fully depleted phosphates, reliable measurements of the fluid TAN cannot be obtained from observations of the intrinsic fluorescence. Dealing with this problem, the Orellana group at the University of Madrid has investigated sensors which measure changes in the extrinsic fluorescence of transition-metal-based complexes upon interaction with fluid molecules. As described in detail in a review article by this group [38], a number of luminescent sensors has been developed which are of potential interest in various aeronautic fields, including hydraulic fluid monitoring. Recently, our own group has been investigating fluorescence sensors, which use GaN/InGaN nanowire arrays on silicon and sapphire substrates as luminescent materials. As described in some of our recent papers [39,40,41,42], such nanowire arrays respond with fluorescence changes when immersed into fluids with different pH values. Additionally, it has been observed that such nanowire arrays exhibit a quenching response when exposed to oxidizing gases (O2, NO2, O3) and an enhancing response when exposed to water vapor. Although not systematically tested in hydraulic fluids, these latter results indicate that such arrays will exhibit a quenching response upon interaction with partially and fully depleted phosphates and an enhancing response when interacting with dissolved water. As partial phosphates and dissolved water molecules are likely to coexist, fluorescence signals might get fully or partially compensated. Additionally, the level of extrinsic fluorescence emitted from the GaN/InGaN nanowire transduces might get superimposed by the fluid-dependent levels of intrinsic fluorescence emitted from those aromatic side groups that had been broken free from their phosphate cores.



In summary, intensive research efforts are still necessary to arrive at fully functional flow-through sensor systems. Whereas in the case of ATR systems the challenges are more on the engineering side of incorporating ATR coupling elements into high-pressure resistant micro-cuvettes, the challenges with fluorescence sensors are more likely on the side of alleviating cross-sensitivity and chemical stability issues of fluorescent layers.
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Appendix A. Difference Spectra of Widely Used Aviation Hydraulic Fluids


To assess the general usefulness of the optical monitoring approach, spectroscopic measurements on several widely employed aviation hydraulic fluids were performed. The difference spectra derived from these data are presented in Figure A1a–c below.
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Figure A1. Difference spectra as obtained on SKYDROL LD4 (a), SKYDROL 500B4 (b) and HYJET V (c) after controlled contamination with water (blue curves) and after water contamination and molecular fragmentation (red curves). The water-contaminated samples contained up to 1.5% H2O, while the degraded ones had TAN-values between 1 and 3 mg KOH/g as determined by titration. The water- and TAN-spectra have been offset by 1 unit in normalized transmission from      Δ T    norm   = 0   for reasons of clarity of presentation. 
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Appendix B. Assignment of Observed Optical Features to Molecular Vibration Modes


The data in Appendix A show that, independent of the special kind of fluid, remarkably similar spectral features exist which signify water contamination, fluid degradation, and raised TAN values. Turning to the case of water contamination at room temperature first, we note that in the absence of thermal agitation a reaction of the dissolved water molecules with the phosphate-ester base fluids is unlikely to occur. As the dissolved water molecules largely retain their molecular identity, water molecules solvated in hydraulic fluid are expected to exhibit the same vibrational properties as water molecules dissolved inside liquid water. Due to the different molecule-background interactions in the phosphate-ester solvent, however, H2O absorption features will be shifted away from their liquid water spectral positions. This expectation is confirmed by the data summarized in Table A1, which compares the spectral positions of some of the key vibrational features in liquid water [43] to those observed in water contaminated Skydrol LD4. This comparison clearly indicates that all key vibrational features of liquid water are retained in water contaminated Skydrol LD4 and that the associated wavelength shifts never exceed 3–4% of the wavelengths of the respective water absorption features. The data in Appendix A show that these arguments apply equally well also to a wider range of phosphate-ester fluids.
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Table A1. Wavelengths of vibrational features in liquid water (column 3) and of water molecules dissolved in Skydrol LD4 (column 4). Columns 5 and 6 report the corresponding wavelength shifts.
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Water Vibration Feature

	
λH2O

[nm]

	
λSkydrol_H2O

[nm]

	
Δλ

[nm]

	
Δλ/λH2O

[%]






	
 [image: Chemosensors 08 00131 i001]

	
Bend ν2

	
6080

	
6099

	
19

	
0.3
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Combination

Bend ν2+L2

	
4650

	
4791

	
141

	
3.03
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Symmetric

Stretch ν1

	
3050

	
2952

	
−98

	
−3.21
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Asymmetric

stretch ν3

	
2870

	
2766

	
−104

	
−3.62




	
Combination

	
aν1 + ν2 + bν3.

a + b = 1

	
1900

	
1917

	
17

	
0.89




	
Combination

	
aν1 + bν3.

a + b = 2

	
1470

	
1471

	
1

	
0.07









Turning to the optical signatures of acid samples (TAN > 1), Figure A1 demonstrates that most of the observed TAN features appear to be long-wavelength-shifted replica of their parent water absorption ones. Exceptions to this rule are the extremely broad MIR absorption features from about   3800   to   5500   nm   and the much narrower VIS/UV features in the vicinity of   400   nm  . For the specific example of Skydrol LD4, the corresponding wavelengths and wavelength shifts are listed in Table A2.
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Table A2. Wavelengths of water vibrational features in Skydrol LD4 (column 2) as compared to those vibrational features that arise after water contamination and thermal degradation (column 3). Columns 4 and 5 list the respective wavelength shifts. While most features derive from parent water vibrational features, those in italic letters are degradation and/or TAN specific.
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	Skydrol LD4

Vibrational Features
	λSkydrol_H2O

[nm]
	λSkydrol_acidified

[nm]
	Δλ

[nm]
	Δλ/λ

[%]





	Bend ν2
	6099
	6416
	317
	5.2



	Combination

Bend ν2 + L2
	4791
	5635
	844
	14.98



	Partial phosphates

PO-H stretch

POH comb.
	-
	(broad)

3500–5500
	-
	-



	Symmetric

Stretch ν1
	2952
	3773
	821
	27.81



	Asymmetric

stretch ν3
	2766
	2979
	213
	7.70



	Combination

aν1 + ν2 + bν3.

a + b = 1
	1917
	2080
	163
	8.50



	Combination

aν1 + bν3.

a + b = 2
	1471
	1518
	47
	3.20



	Aromatic decay products
	-
	361
	-
	-








An important aspect of the fluid degradation process is that it conserves the numbers of O-H bonds during the degradation process. As illustrated in Figure A2 all O-H bonds are initially associated with dissolved water, and with split-off alcohols and partial phosphates after hydrolysis has taken place. As in this final state all O-H bonds are bound to larger-mass backbone molecules than before, a long-wavelength-shift of the water O-H vibrational feature is expected [44].
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Figure A2. Exchange of water- into phenol/butanol - bonded OH groups and partial phosphates as dissolved water is used up in molecular fragmentation events. A shift in the resonance frequency occurs as the force constants (bond strength) and the reduced masses of the molecular oscillators are changed [44]. 
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In order to test the validity of this interpretation, Skydrol LD4 samples had been contaminated with 1% butanol or 1% phenol, i.e., typical fragmentation products which are likely to emerge from the degradation reactions sketched in Figure 2 and which had been confirmed in gas chromatographic analyses of degraded aviation hydraulic fluids [14]. The difference spectra in Figure A3 clearly reveal that butanol and phenol addition leads to strong O-H absorption features slightly long-wavelength-shifted with regard to the main stretching vibrations of dissolved water. Interestingly also, all other O-H vibrational features, which can be detected in water-contaminated Skydrol LD4, are no longer observed.
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Figure A3. Difference spectra of phenol, butanol, and water contaminated SKYDROL LD4 as measured relative to a reference specimen containing 0.2% H2O. The top panel displays a spectrum of phosphoric acid that contains an amount of water that unavoidably comes with the H3PO4. 
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The missing O-H features, however, do turn up as small amounts of H3PO4 are added. As liquid H3PO4 unavoidably contains small quantities of water (~15%), we attribute the re-appearance of the missing O-H features to H3O+ ions, which form as the liquid H3PO4 undergoes electrolytic dissociation together with the concomitantly introduced water. In this way dissolved H3O+ ions form as sketched in Figure A4a. In case degradation products like butanol and phenol are simultaneously present, the OH groups in the split-off alcohols can get protonated, forming molecular end groups as shown in Figure A4b. As these end groups effectively represent H3O+ ions tightly bound to heavy hydrocarbon backbones, the H-O-H end groups remain with the same kinds of vibrational degrees of freedom as the dissolved H3O+ ions in Figure A4a. Due to their larger effective masses, however, these covalently bonded H-O-H end groups will exhibit lower vibrational frequencies as evidenced in Table A2.
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Figure A4. (a) H3O+ ion dissolved in a phosphate-ester fluid; (b) split-off hydrocarbon side group after capture of a proton from an acid partial phosphate. 
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The broad absorption feature extending from about 3500 to 5000 nm, which increases as H3PO4 is added, can be explained by stretching vibrations of OH-groups with strong hydrogen bonds [16]. As similar bonds will also prevail in all kinds of partial phosphates, this broad feature appears to be the most useful one for a direct spectroscopic determination of the TAN value.



A final important point, illustrated by Figure A3, is that the deliberate contamination of pure Skydrol LD4 with fluid degradation products does not provide any clue to the strong UV-VIS features that occur upon thermal degradation and in the presence of enhanced TAN values (see Figure A1a–c). The strong UV-VIS absorption therefore needs to be attributed to a molecular species that is formed from the original decay products through one or several thermally activated steps. As argued in Appendix C, we believe that these entities consist of multi-ring aromatic species, which had been formed by self-association of split-off phenyl groups and which are able to absorb in the short-wavelength visible and long-wavelength UV ranges.




Appendix C. UV-VIS Absorption of Single- and Multi-Ring Aromatic Species


Commercial aviation hydraulic fluid base stocks mainly consist of mixtures of tributyl phosphate, di/-butyl phenyl phosphate and triphenyl phosphate, with the specific mix depending on the aviation hydraulic fluid product [1,2,3].



As described in the main text, thermal degradation of the base fluid splits off the hydrocarbon side groups from their parent phosphate cores. Aliphatic C-H side groups in turn will only absorb UV light with wavelengths smaller than 200 nm [45]. A notable exception is aromatics, which contain conjugated C-C bonds arranged in a ring form. As these conjugated systems form delocalized electron systems, smaller HOMO-LUMO splittings result as the size of the delocalized electron systems increases [46]. While phenyl side groups by themselves will hardly absorb light with wavelengths longer than   300    nm    (Figure 10a), larger aromatic aggregates exhibit smaller HOMO-LUMO splittings with optical absorption tails extending out into the VIS range (Figure A5). The comparison in this latter Figure suggests that optical absorption in the VIS range requires self-association of at least four aromatic rings [47]. Interestingly, such cases of self-association have been observed with phenols dissolved in various hydrocarbon solvents [48]. As such association processes are likely to require a significant amount of thermal activation, such molecular entities can only be expected after a prolonged time at elevated temperatures or relatively short times at high temperature. Furthermore, as different hydraulic fluids carry different numbers of phenyl side groups on their center phosphate groups, the probability of occurrence of multi-ring aromatic degradation products is expected to be highly fluid-dependent and also dependent on the use profile of the particular fluids.





[image: Chemosensors 08 00131 g0a5 550] 





Figure A5. UV absorption of multi-ring aromatic species [47]. 
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Figure 1. Chemical structure of aircraft certified hydraulic fluids; (a) tributyl phosphate; (b) di-butyl phenyl phosphate; (c) triphenyl phosphate [6]. 
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Figure 2. Chemical reactions following the take-up of water into a phosphate-ester based hydraulic fluid, yielding split-off alcohols and partial phosphates, ultimately producing phosphoric acid and H3O+ ions via reaction with the dissolved water [6]. 
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Figure 3. Development of acidity inside aviation hydraulic fluids as a function of acid scavenger depletion [11]. 
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Figure 4. Difference spectra as obtained on Skydrol LD4 after controlled contamination with water (top row) and after water contamination and molecular fragmentation (bottom row). The water-contaminated samples contained up to 1.5% H2O, while the degraded ones had TAN-values between 1–3 mg KOH/g as determined by conventional titration. The spectra of the thermally degraded samples were offset by one unit of normalized absorption towards ΔTnorm = −1 for reasons of clarity of presentation. 
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Figure 5. (a) FTIR spectra of Skydrol LD4 samples in different states of water contamination (blue) and fluid degradation (red, magenta) [10,11]. (b) Deconvolution of FTIR spectra into C-H, phosphate- and water-related spectral features. Red circles denote sensor interrogation points used in the sensor prototype described further below [10,11]. 
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Figure 6. (a) Variation of normalized optical absorption in the 3559 cm−1 water absorption window with the water content remaining in water-contaminated fluid samples after thermal degradation; Variation of the normalized optical absorption inside the 3333 cm−1 alcohol (b) and 2632 cm−1 phosphate absorption windows (c) with the TAN value in the same set of fluids; (d) Correlation of the phosphate and butanol/phenol absorptions in thermally degraded aviation fluids. Above a_3333 = 0.2 a rapid depletion of the acid scavengers is indicated [10,11]. 
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Figure 7. (a) Micro-cuvette containing the fluid under test and fitted in between a MEMS IR emitter and a 4-thermopile sensor array with narrow band filters transparent at the wavelengths indicated in Figure 5b [10,11]. (b) Mechanical set-up containing the MEMS IR emitter, the micro-cuvette (yellow) and the thermopile detector array inside a common metal block (grey) that can withstand the high pressures inside aviation hydraulic systems [10,11]. (c) Fully assembled MIR sensor system featuring the internal electronics and fluidic connectors [10,11]. (d) HYDAC Ground Lab for on-site hydraulic fluid monitoring on airfields containing the MIR sensor system shown in (a–c), and an additional particle contamination detector [9,22]. 
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Figure 8. (a) Difference spectra of water-contaminated and thermally degraded Skydrol LD4 in the NIR and VIS ranges (dopt = 1 cm) [6]. (b) Difference spectra of water-contaminated and thermally degraded HYJET V in the NIR and VIS ranges (dopt = 1 cm) [6]. 
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Figure 9. (a) Emission spectrum of commercial NIR-LED (IR S-LED 1.94; Roithner) [6]. (b) Spectral sensitivity of commercial NIR photodiode (InGaAs) (FGA 20 Thorlabs) [6]. (c) Cuvette for sensor investigation tests featuring screw-in MEMS emitter and receiver elements allowing for experiments with variable optical gap lengths [6]. (d) Variation of IR transmission of Skydrol LD4 with increasing water content as measured with the test set-up of Figure 9c and the optical components of (a,b) at a wavelength of λ = 1.94 µm and at different absorption path lengths [6]. 
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Figure 10. (a) Photo excitation and emission spectra of free phenol molecules [24]. (b) Optical absorption spectrum of Skydrol LD4 [6]. Arrows indicate the peak emission of the UV LEDs that were used in the fluorescence setup of Figure 10c. (c) Test setup for fluorescence measurements on aviation hydraulic fluids featuring four UV LEDs emitting at   λ ≈ 275    nm    and a photo-multiplier tube [6]. (d) Fluorescence response of undegraded aviation hydraulic fluids with different aromatic contents [6]. (e) Fluorescence spectra of Skydrol LD4 degraded up to increasingly larger TAN values [6]. (f) Fluorescence response of Skydrol LD4 degraded up to increasingly larger TAN values and as observed with the test setup of (c) [6]. 






Figure 10. (a) Photo excitation and emission spectra of free phenol molecules [24]. (b) Optical absorption spectrum of Skydrol LD4 [6]. Arrows indicate the peak emission of the UV LEDs that were used in the fluorescence setup of Figure 10c. (c) Test setup for fluorescence measurements on aviation hydraulic fluids featuring four UV LEDs emitting at   λ ≈ 275    nm    and a photo-multiplier tube [6]. (d) Fluorescence response of undegraded aviation hydraulic fluids with different aromatic contents [6]. (e) Fluorescence spectra of Skydrol LD4 degraded up to increasingly larger TAN values [6]. (f) Fluorescence response of Skydrol LD4 degraded up to increasingly larger TAN values and as observed with the test setup of (c) [6].



[image: Chemosensors 08 00131 g010]







[image: Table] 





Table 1. Main ingredients in the widely used family of hydraulic fluids marketed under the brand name Skydrol [1,2,3].
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	Substance
	Weight (%)





	Tributyl phosphate
	58%



	Dibutyl phenyl phosphate
	20–30%



	Butyl diphenyl phosphate
	5–10%



	2,6-di-tert-butyl-p-cresol
	1–5%



	Cyclic Epoxy Ester
	≤10%
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