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Abstract

Water accumulating in the fuel tanks of any aircraft presents an unacceptable safety hazard and
must therefore be removed by draining a sample from the tank sump daily, thereby removing any
contamination. The accumulation of free water inside helicopter fuel tanks, which is due to a
combination of physical phenomena, is difficult to assess and therefore not well known.

The purpose of this project is the development of a computational prediction method for water
accumulation in helicopter fuel tanks. This model will deliver a better understanding of the
physical mechanisms involved and allow prediction of the accumulated water quantity under
given conditions. Ultimately, this may be used to substantiate a potential extension of the
drainage interval.

A review of relevant literature delivered an overview of the parameters influencing water
accumulation within the tank: ambient temperature and humidity, tank size and fill level and
mission profile. Additionally, a model of the variation of ambient humidity with altitude was
reviewed and incorporated into the newly developed model. During development of the model, it
became apparent that in addition to the aforementioned parameters, the accumulation of water is
also influenced by the fuel blend, specifically the degree of solubility of water in a particular
blend.

The new model, given data corresponding to the parameters, is able to estimate the quantity of
water accumulating in a helicopter fuel tank over any time frame, whether the helicopter is on the
ground, flying, or a combination of both. A choice of climate types is offered to the user to
represent the four most common mission types. The model was validated thoroughly by
comparing its results to those produced by alternative models, among other techniques, as it was
not possible to validate the model experimentally within the scope of a master thesis.

Using the model it was found that of the helicopter mission types considered, the most critical for
water accumulation are transfer flights between land and oil/gas platforms, due to the high
humidity, low altitude and low fuel levels during the return flight. The most significant
parameters by far are the ambient humidity and fuel level. While maintaining an appropriate
safety margin, the results strongly suggest that extending the drainage interval from daily to
weekly would be feasible without impacting flight safety.

The body of this report consists of 100 pages with 63 figures and 28,012 words, equivalent to
40,612 words per the TUD thesis instructions.
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Introduction

It is of critical importance that the supply of fuel to helicopter engine(s) be free of contamination;
one of the most common contaminants encountered in aviation fuels is water [1]. The present
study will therefore investigate the phenomena leading to the presence of water in helicopter fuel
tanks. This chapter introduces the subject area, motivation and objective of the research project,
as well as providing an overview of the report structure.

1.1 Context

All current production helicopters are powered by internal combustion engines, either
reciprocating (piston), or gas turbine. Reciprocating engines are primarily used for single-engine
training and personal helicopters such as the Robinson R22 [2], for their lower cost, while turbine
engines are used in larger designs with one, two or three engines due to their better power to
weight ratio. The standard fuel for turbine helicopters is Jet A-1, the most commonly used civil
aviation fuel around the world [3].

The presence of water in a fuel tank can lead to a number of negative effects ranging in severity
from inconvenient (fuel gauge failure) to hazardous (filter blockage by ice). The effects are
described in detail in chapter 4. It is therefore important that the generation mechanisms are well
understood.

To limit this contamination, helicopter fuel tanks must be checked for the presence of water by
draining a small quantity of liquid from the drain valve of each fuel tank, before the first flight of
each day [2] [4]. This procedure was introduced without publishing any supporting research and
presents many inherent problems, including confirmation bias or even noncompliance.
Confirmation bias refers to the human tendency of interpreting an observation as supporting the
expected outcome, when objectively this is not the case. As a result of these two effects,
accidents stemming from water in fuel tanks continue to occur. The frequency of these incidents
appears inversely correlated with operator size (an operator is a person or organisation that owns
or uses an aircraft). It has been theorized that this stems from daily checks being the pilot’s
responsibility in small (especially single-aircraft) operations; time pressure and lack of oversight
encourage cutting corners.




1.2 Motivation

Even in 2019, fundamental understanding of the causes and controlling factors of water
accumulation in fuel tanks is uncertain for airplanes [5], and practically zero for helicopters. No
research has been published studying the topic with a focus on rotorcraft. This situation is
described as a knowledge gap or research gap: an area of research which is both interesting and
not fully understood.

With a deeper understanding of the processes and conditions leading to water accumulation,
further research can eventually lead to the replacement of the rigid scheduled drainage interval,
either by a different fixed interval depending on conditions, or by a variable interval calculated
by on-board computers. The latter strategy is in use in the automotive sector, for estimating when
certain engine maintenance actions are required based on the usage profile (as an example, stop-
and-go city driving produces significantly more wear than a cross-country journey).

1.3 Research Objective

The objective of this research project is to review the available research concerning the
interaction of water and jet fuel inside aircraft fuel tanks (the majority of which resulted from a
2008 accident involving a Boeing 777 due to fuel icing [6]), followed by the development of a
model to predict the accumulation of water in a helicopter fuel tank based on knowledge of the
ambient conditions.

The study will test the following hypothesis:

“Developing a computational analysis can contribute to closing the knowledge gap
surrounding the accumulation of water in helicopter fuel tanks by estimating the
relationship between ambient conditions and accumulation”

Estimates of the relationships between the conditions a helicopter is used in and the quantity of
water accumulated within its fuel tanks will lead to an assessment of whether further research on
this topic is of interest.

1.4 Structure

In chapters 2 through 9, the available literature on the subject of water accumulation in helicopter
fuel tanks is examined. The chapters sequentially address the questions of what the subject is,
why it is a problem, how it can be mitigated, when it occurs, how much water is allowed, and
who has been researching it. In chapter 9, the literature is summarised and interim conclusions
are drawn; from this, the research questions are formulated.

Chapters 10 through 14 present the assumptions, logic, performance and results of the model.
Conclusions are drawn on the project, and recommendations for further research are made.




Water Contained in Fuel

Water may exist in kerosene fuel as dissolved, free or entrained (emulsified) water [1]. Dissolved
water refers to water that occupies the intermolecular spaces between fuel molecules [7]; the
quantity of water that can be dissolved by a given quantity of fuel is dependent on temperature
and fuel composition. Free water is an accumulation of liquid water, usually at the bottom of a
fuel tank. Entrained water describes microscopic water droplets that are suspended, but not
dissolved in the fuel; they may be created by agitation of a water-fuel mixture or by precipitation
of dissolved water from the fuel [1] [7] [8]. A schematic representation of each form is given in
Figure 1.

Figure 1: From left to right: appearance of dissolved, entrained and free water in kerosene-based fuel.
Entrained water gives the fuel a “hazy” or opaque appearance, while neither dissolved nor free water affect
the translucent appearance of pure kerosene fuel.

In this chapter, these three categories of water found in kerosene fuel and will be discussed, along
with their respective interaction mechanisms with the fuel. An understanding of the physics
underlying the presence of water is crucial to correctly predicting the evolution of water content
over time, as the rate of transfer between the three states depends on the surrounding conditions.

2.1 Dissolved Water

Water dissolved in the fuel cannot be filtered or settled out, but a dehydration method involving
onboard inert gas generating systems (OBIGGS), used in fixed-wing aircraft for fuel tank
inerting, has been proposed [9]. Dissolved water is considered a normal trace content of kerosene
fuel and evaporates during combustion; it is invisible to the naked eye. In steady state, the
relative saturation level of the fuel will be proportional to the relative humidity of surrounding
air; this is elaborated upon in section 3.5.




2.1.1Degree of Solubility

Water is slightly soluble in hydrocarbon fuels [10], with a solubility ranging from approximately
10 to 150 ppmv (parts per million by volume) in the temperature ranges encountered within
helicopter fuel tanks (Figure 2). The result of this phenomenon is that warm, water-saturated fuel
releases free water as it cools, and may absorb water again when warmed. This was one of the
subjects researched by Lam et al. [11].
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Figure 2: Solubility of Water in Aviation Fuels as given by the Coordinating Research Council (CRC) [10];
average values for the given fuel types.

0.001

The research studied jet fuels manufactured to several different specifications, namely:

e Jet A-1 (three suppliers, including one synthetic blend)

e No.3 Jet Fuel (Chinese equivalent to Jet A-1)

e TS-1 (Russian Jet A-1 substitute with better low-temperature properties and higher vapour
pressure)

e JP-4 (equal mixture of kerosene and gasoline for low-temperature use) [3] [11]
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After conditioning and dehydrating the fuel samples over silica gel, they were rehydrated to
saturation and the water content measured at a range of temperatures from -5°C to 25°C. The
results of these measurements, including the measurement uncertainties, are shown in Figure 3;
for the Jet A-1 samples (Coryton, Air BP and Sasol), the solubility at 0°C ranges from 19.9 to
35.7 ppmm (parts per million by mass), compared to the standard value of 33.2 ppmm given by

the CRC.
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Figure 3: Water solubility measurement results by Lam et al. [11], showing a large range of solubility (more
than 100% variation in some cases) depending on fuel blend.

The Sasol fuel, which is a synthetic blend, exhibits the lowest water solubility across nearly the
entire range of temperatures tested. Research suggests that this is due to the composition of the
fuel [10] [11] — the proportion of aromatic hydrocarbon species in synthetic fuels is typically
lower than in natural fuels.

2.1.2Significance of Fuel Composition and Synthetic Blends

An aromatic hydrocarbon is one which includes a number of carbon atoms connected in a ring,
the simplest example of which is benzene (CsHg). Low aromatic content is an inherent attribute
of the Fischer-Tropsch process used to produce the Sasol fuel [1]. The aromatic content of
kerosene-based aviation fuels ranges from 12% to 25% in practice; a minimum value of 8% is
generally considered necessary. Below this threshold, elastomeric seals within the fuel system
and engine may shrink, causing fuel leaks.

The solubility of water in aromatic hydrocarbons is not only generally higher than in other
hydrocarbons, but also correspondingly more sensitive to temperature. Table 1 gives a
comparison between benzene and iso-octane, a noncyclic hydrocarbon.




Table 1: Water solubility in Iso-Octane and Benzene [7], showing the higher solubility of aromatic
hydrocarbons

Speciesname  Type  Formula Sol., 10°C (ppmm) Sol., 20°C (ppmm)
Iso-octane Paraffin CsHis 37 55
Benzene Aromatic ~ CgHg 400 570

In this example, when cooled from 20°C to 10°C, one kg of saturated iso-octane would
precipitate 18 mg of free water, while benzene would precipitate 170 mg under the same
conditions. Therefore, fuels with a greater content of aromatic hydrocarbons exhibit
correspondingly increased sensitivity of water solubility to temperature.

Figure 4 gives a comparison of the water solubility data given by the CRC [10], Lam [11], and
Zherebtsov [12]. The aromatic content of each fuel sample is given in the legend.

Water Solubility by Aromatic Content

Water Solubility (ppmm)

Temperature (°C)

=9—"Sasol (12%) == Air BP (14%) == No0.3 (16%)
=>&=High Aromatics (24%) =s#=CRC =0—T-1 (15-22%)

Figure 4: Water solubility data for kerosene fuels with different aromatic content from several sources,
showing positive correlation between aromatic content and water solubility.

An important result of comparing the experimental data to that provided in the CRC handbook is
that there is a strong indication of the solubility of water in jet fuels being significantly higher
than presented by the CRC at moderate temperature. The difference is reaches up to 50% at 30°C.
This directly impacts the quantity of water entering a helicopter fuel tank when refuelling with
warm, saturated fuel.

Although Zherebtsov’s experiment was conducted with fuel produced according to the Russian
T-1 specification, this consists of kerosene with 15-22% aromatic content [12], and should
therefore be comparable to the range of fuels tested by Lam with an aromatic content of 12-24%.
In Figure 4, it can be observed that the T-1 results agree most closely with the gradient given by
the CRC handbook, yet still suggest higher water solubility across the entire temperature range.




Another effect, suggested by recent research by Tien et al. [13] is that in the presence of free
water, aromatic compounds from turbine fuels have a tendency to be partitioned into the free
water phase, although the study was conducted on the aspect of ground water pollution by
leaching compounds from jet fuels. Their results indicate that aromatic compounds partition into
free water to different extents depending on the specific compound, but all exhibited a steady-
state partitioning quantity of magnitude 0.1% or lower, so this is not a concern for the safe
operation of helicopter engines.

When the quantity of water present in a fuel tank is greater than that which can be dissolved by
the fuel, the excess exists in liquid form, either as free or entrained water.

2.2 Free Water

Free water refers to droplets of water too large to be suspended in an emulsion with fuel, which
therefore accumulate at low points in the fuel system, primarily the fuel tank sump. It can be
produced from a variety of sources including coalescence of entrained water (smaller droplets
meeting and combining into larger drops), condensation of aerial humidity on cold tank walls,
and rainwater ingress through leaking or poorly designed tank fittings.

2.2.1Interfacial Tension

Interfacial tension (or interfacial energy) is a force present at the interface of two liquids, which
acts to minimize the interface area; the magnitude of this force controls the rate of interaction

between liquid water and fuel in a fuel tank. Its units are 22 or £279Y

length area '

The origin of this phenomenon is explained with reference to Figure 5, which shows a liquid
water phase bounded at the bottom by the tank wall, and at the top by a volume of fuel. In the
middle of the water phase, molecule A has N,,;; = 6 neighbouring molecules; if each
intermolecular interaction has the energy —u, the total interaction energy Uy, ik = —Npuix X U.

At the interface, molecule B has N, = 4 neighbouring molecules; the total interaction energy
Usurf = —Nsyurg X u. Although the number of neighbouring molecules varies depending on
particle size, a surface molecule will always have fewer neighbours than a continuum molecule.

Therefore, an excess energy AU = Ug,rr — Upyix €Xists at B, which represents the surface or
interfacial energy. As an example, the interfacial energy between benzene and water is
approximately 35 mJ m. This is equivalent to the work that must be added (by agitation) to
increase the interfacial area (e.g. to form an emulsion) [14].




Figure 5: Illustration of interfacial tension, showing a bulk molecule (A) and a surface molecule (B). Molecule
B has fewer neighbouring molecules, leaving excess energy to produce surface tension.

The addition of a surfactant reduces the interfacial tension [8], thereby encouraging miscibility.
This is presumably the mechanism used by Aquarius (section 0).

The CRC handbook [10] states that interfacial tension is “important to the movement of water
into and out of turbine fuel, and is a key topic in fuel handling”, but this statement is neither
substantiated nor quantified. The interfacial tension between water and kerosene has been
measured experimentally [15] but no research was found quantifying the relationship between the
interfacial tension and the ability of water to be absorbed into the (unsaturated) fuel.

In 1970 Smith noted:

“Contaminants in the fuel or water may change the interfacial tension ... from its
normal value of 35 to 45 dynes/cm to 20 dynes/cm or lower. This makes it easier
for the water to disperse into finer suspensions”. [8]

(dyncm™ = mJ m~2).

As a finer suspension will exhibit greater stability and therefore a longer settling time, this may
increase the ability of water to be re-dissolved into the fuel. At steady state, “If undissolved water
is present in the fuel or on the tank bottom, then the fuel will become fully saturated with water”
[8]. While this is a fundamentally interesting statement, it is crucial to know the associated time
frame; if this process took place over the course of several weeks, it would not be relevant to
changes occurring during a single flight. The rate of interaction across the interfacial boundary is
discussed in the following section.

2.2.2Rate of Interaction

The rate of interaction between free water and fuel is of interest as it dictates the degree of water
saturation of the fuel at any given time. A very high rate of interaction implies that the presence
of a small number of drops of free water in the tank might keep the fuel saturated at all times,
while a low rate of interaction would reduce the importance of this effect.



Wetterwald et al. [9] make the assumption that free water cannot be re-dissolved in jet fuel once
separated, based on this being prevented by interfacial tension; Wetterwald states in personal
communication that this was supported by prior experience of his co-authors. The calculations
therefore only consider humidity interaction between the fuel and air phases. For that particular
study, neglecting water re-absorption was a conservative assumption because this increased the
calculated free water quantity, causing a conservative under-estimation of water control
effectiveness (M. Wetterwald, personal communication, 10th April 2019).

In 1962, Schatzberg [16] found that the dissolved water concentration in kerosene fuel stored
over a layer of pure water reached steady state after 3-4 days, while bubbling dry air through the
sample reduced this time to approximately 16 hours. This suggests that moisture transfer between
air and fuel is indeed significantly faster than between liquid water and air, with the caveat that
this comparison does not consider the agitation (mixing) effect provided by the air bubbles in the
latter case. This is a very interesting result because it supports Wetterwald’s reasoning that the
interfacial tension impedes solution to such a degree as to make it negligible over the course of a
flight of a few hours. Later, Polak similarly found that a period of 2-4 days was required to reach
water saturation when storing fuel over a layer of water [17].

2.3 Entrained Water

Entrained water refers to droplets of water of microscopic scale, suspended within the fuel. This
situation occurs either when free water and fuel are agitated, for example by being sucked
through a fuel pump, or when water dissolved in the fuel precipitates out as the mixture cools.
Entrained water droplets typically measure (much) less than 100 um in size and give the fuel
sample a “cloudy” appearance [9].

At below freezing temperatures, these water droplets may freeze to form ice crystals which can
block fuel handling equipment in severe cases. Entrained water does not pose a hazard to fuel
systems and engines as long as it is homogenously mixed, at low concentrations (chapters 4 and
7) and in liquid form.

The settling rate is positively correlated with the particle size, and is typically below 1 m h in
the context of an aircraft fuel tank [1], but is affected by the presence of surfactants to a degree
where under certain conditions, a stable emulsion will be formed which does not settle at all. An
emulsion implies greater interface area than two fully separated phases (section 2.2.1), which
increases the rate of solution of water by the fuel, if the fuel is unsaturated. This will affect the
location of the equilibrium formed between fuel, water and humid air, which will be discussed
further in the following chapter.




Atmospheric Humidity

When the helicopter is not being refuelled, humidity contained in the ambient air is the dominant
pathway by which water enters a helicopter fuel tank. The relative significance of water entry via
saturated fuel and via atmospheric humidity depends on both the usage of the helicopter
(frequency of refuelling) and the ambient conditions; therefore, it is necessary to examine the
range of ambient conditions encountered on the ground as well as inflight.

In this chapter, the variation of atmospheric composition over time as well as altitude will be
discussed, followed by an overview of the processes leading to water transfer between the fuel
tank and atmosphere. The vertical profile of atmospheric humidity is not as straightforward as it
initially seems; particularly in the low altitudes at which the majority of helicopter missions take
place, humidity is largely driven by local weather phenomena.

3.1 Humidity Metrics

Humidity refers to the presence of water vapour in air, and the maximum amount of water vapour
that a given quantity of air can absorb is temperature-dependant. There are several ways to
specify humidity, among them vapour pressure, specific humidity, relative humidity and dew
point. These are introduced below.

3.1.1Partial Vapour Pressure

The partial vapour pressure of water in humid air is the pressure that would be measured if all the
air molecules were removed from a control volume, leaving only water molecules. It has a
temperature-dependent saturation value, given by the Tetens equation:

17.2T
P33L = 610.78 X e(z575+7) 1)

Where T is in °C and p is in Pa. The coefficients of the Tetens equation vary slightly depending
on the conditions; those displayed above are chosen for best accuracy at temperatures between
0°C and 35°C. In this temperature range, they are accurate to 1 Pa [18].




3.1.2Specific Humidity

Specific humidity (SH) is defined as the mass of water vapour present in a given mass of air, and
is constant for a given unsaturated humid air mixture. SH is frequently given both in g kg™ and
kg kg™; in calculations, it is most convenient to use the dimensionless mass ratio (kg kg™). The
maximum value of specific humidity under given conditions is referred to as the saturation
specific humidity or SHS%t and is dependent on both temperature and ambient pressure.

Equation (2) is derived from the ideal gas law; 0.622 is the ratio of the individual gas constants
for air and water vapour.

P
SH = 0.622 x 29 @

total

3.1.3Relative Humidity

Relative humidity (RH) is the ratio between the actual and saturation values of either specific
humidity or vapour pressure:

pp = SH _ Phzo 3)
SH* ~ g

When an air mass becomes saturated, some of the water condenses on a nearby surface (ground,

body of water or aerial particulates) and may form a cloud in the presence of suitable cloud nuclei

(aerial particulates).

3.1.4Dew Point

The dew point is the temperature to which a humid air mixture must be cooled to reach
saturation; saturation is reached once the saturation specific humidity has fallen to equal the
actual specific humidity of the mixture. Knowing the water vapour pressure, equation (1) can be
rearranged to calculate the dew point in °C:

PHZO
_— In (574205) x 237.3
dp

17.27 - 0 (4%5)

(4)

The water vapour pressure can be found if RH and actual temperature are known, using equations
(1) and (3).

The difference between the dew point and actual temperature is termed “spread”. The
relationship between spread, temperature and humidity is shown in Figure 6.
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Figure 6: Relationship between dew point spread, temperature and humidity. Spread is always zero at
saturation.

Dew point spread is important to surface condensation, discussed in section 3.6. It is an indicator
for how readily condensation will occur on a nearby cool surface.

3.1.5Humidity Cycle

The following cycle (Figure 7, Figure 8 and Table 2) is one mechanism how water can
accumulate in fuel tanks over time; the water shed by the air during its saturated cooling collects
underneath the fuel.
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Figure 7: Specific humidity cycle. From 1 to 4: cooling to saturation, saturated further cooling (condensation),

and heating.
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Figure 8: Water vapour pressure cycle. From 1 to 4: cooling to saturation, saturated further cooling
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Table 2: Humid air cycle data

State 1 2 3 4
Temperature (°C) 50 37 24 50
Specific humidity (g kg™) 38 38 18 18

Water vapour pressure (Pa) 6000 6000 3000 3000
Relative humidity (%) 50 100 100 25
Dew Point (°C) 37 37 20 20

From the initial state (warm, unsaturated), the air first cools until reaching its dew point at point
2; if the air is cooled further, some of the water vapour must condense as the air can no longer
“hold” it.

Relative humidity is constant at 100% from point 2 to point 3: the air is continually saturated.
Although the RH is the same, the specific humidity decreases during this cooling process, as
some of the vapour condenses out. If the air is now heated once more, the specific humidity is
constant but the air’s ability to absorb moisture increases with temperature; the relative humidity
therefore falls in accordance with equation (3).

Helicopters experience such temperature cycles both in flight (a change in altitude implies a
change in temperature) and on the ground (temperature varies throughout a day). This is
discussed in the following sections.

3.2 ICAO Standard Atmosphere

The International Civil Aviation Organization (ICAQO) defines a standard atmosphere to be used
in aviation; this is used for aircraft performance calculations as well as calibrating barometric
instruments. [19] This standard atmosphere describes average values of the atmospheric variables
relevant to aviation, namely the altitude profiles of density, temperature and pressure; Figure 9
shows the three parameters covering the altitude range of helicopter operations.
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Figure 9: Excerpt of the ICAO standard atmosphere at altitudes relevant to helicopters.

Importantly for the subject of study, the ICAO atmosphere makes the assumption that relative
humidity is always zero [19]. For aircraft performance calculations this assumption is actually
non-conservative, because the presence of water vapour reduces the overall air density and thus
reduces aircraft performance.

Although the impact is presumed to be small for the intended purpose of the data, knowledge of
the aerial humidity is of critical importance for the subject of water accumulation in a fuel tank. It
may be possible to extrapolate this when the conditions at ground level are known; some of these
are discussed in the next section.

3.3 NATO Climate Categories

The North Atlantic Treaty Organization (NATO) defines a list of climatic conditions to be
considered during the design of equipment for NATO forces [20]. At the time of writing, the
document has been withdrawn without replacement, but the climatic categories are still used by
Airbus internally to specify system performance requirements [21] (Figure 10).

These discrete climate categories can be useful when attempting to predict water accumulation by
allowing the variable ambient conditions experienced by helicopters to be discretized into one or
more climate categories per operator; many regions experience several different climate
categories during the course of a year. A summary of the categories is given in Table 3; from this
it follows that in geographic Europe, categories A3 and CO will be encountered throughout, and
categories C1, M2 and M3 may be encountered in certain sub-regions.




Table 3: Summary of NATO climate categories, data extracted from [20].

- . Temp. (°C) RH (%)
Cycle Description Regions - -

min  max min  max

Al Extreme Hot Dry Sahara, Middle East 32 49 3 8
A2 Hot Dry Australia, Central Asia, Sahara 30 44 14 44
A3 Intermediate Global 28 39 43 78
B1 (gf/w Wet Warm Sou.theast Asia, Northern Bra_zil, 24 24 100 100
(3584/y) Caribbean, Some Coastal Africa 23 32 66 88
B2 Wet Hot Southeast USA, Brazil, China 26 35 74 100
B3 Humid Hot Coastal Desert Red Sea Coast, Persian Gulf Coast 31 41 59 88
co Mild Cold Global -19 -6 100 100
C1 Intermediate Cold USA, Eastern Europe, China -32 -21 100 100
Cc2 Cold Canada, Western Russia -46 -37 100 100
c3 Severe Cold Alaska -51 -51 100 100
ca Extreme Cold Siberia, Greenland -57 -57 100 100
M1 Marine Hot Tropical Seas 29 48 21 67
M2 Marine Intermediate Mid-Latitude Seas 25.5 35 53 100
M3 Marine Cold High-Latitude Seas -34 -23 100 100

For each of these climates, hourly values of temperature, humidity, and solar radiation are given
at ground level. Some examples of this are shown in Figure 10; this information can be used to
estimate water accumulation in a helicopter when it is on the ground, as well as potentially
forming a basis for estimating the humidity at altitude.

\Bﬁ

L/

A3

NS |

N

Hr (%)
w
(=1

—t=—climate A1 thot dry)
climate A2 (basic hat)
=ir=climate A3 (rtemm ediary)
=&=climate B1 thumid warm)
= ciimate B2 thot wet)
=== climate B3 thumid very hot)
climate M1(sea hiot)
—#— clim ste M2 sea interm ediste

10

o

P5 =
~ 30
Sy
3 <
3| |100)
oy i
‘.\' =
l-.‘ 4
AZ . h
L - 30 e M
; Nl N
u - 15 8 ; 30
h_ | - Yy
Lo \
L = N
'"‘*Lj = N [
—um_
b . "
a5
A1l il | S 4 |
I il
20 25 30 as 10 45 50

OAT {°C)

Figure 10: Humidity-temperature diagram for several climatic categories from NATO [21]. P3 (circled red) is
described as “typical north sea weather condition”, a common climate encountered by Airbus helicopters.




The point “P3” (80% RH, 25°C) is highlighted. This condition is used within Airbus to denote
typical North Sea weather, which is relevant as North Sea oil & gas platform shuttle flights are
among the most popular civilian helicopter missions in Europe.

The next section will discuss the variation of humidity with altitude, which is important to
modelling the conditions encountered by an aircraft in flight but not discussed in STANAG 2895.

3.4 Vertical Humidity Profile

It proves surprisingly difficult to find published generalised information concerning the variation
of humidity with altitude, although of course one can infer the saturation humidity from the
temperature profile of the ICAO standard atmosphere. It is therefore necessary to study different
climates discretely.

A large proportion of helicopter missions are conducted at low altitudes (chapter 6), where
humidity is strongly dependent on local weather phenomena (clouds and precipitation), so the
vertical profiles are of limited applicability at low altitudes.

In 1990, Parameswaran and Krishna Murthy published a study which derived an exponential
expression for the vertical profile of water vapour density [22] based on measured weather data in
India. The expression is as follows:

b _n=hg i
p(h') = C l(l - 6h0)e Hy + Shoe_hO/Hle H, ( )

Where C is a surface water vapour density constant, hg is the transition altitude, H; and H, are the
vapour density scale height parameters above and below the transition altitude, and &hg is a step
function:

_(0,h < hg (6)
Oho = {1,h > hy

With the exception of the step function, the parameters are location-specific and vary depending
on the season, which limits the possibility of generalising their findings. The paper provides
coefficient values pertaining to the profiles at several Indian weather stations, in which the
transition altitude ranges from 1.8 to 2.3 km, while pointing out that Reitan in 1963 found the
transition altitude to range from 2.2 to 3.0 km for stations in the USA. Reitan himself states that
the parameters “can be thought of as a characteristic of the area, and uniformity among areas in
different climatic regimes would not be expected” [23]. The parameters vary strongly even over
the course of a single day; for example, for Delhi in May, H; ranges from 2.9 to 3.4 km™.

As an example, in order to make this model fit the data for a tropical ocean climate (see
appendix) the values of C, ho H1, and H, must be set to 24 g m™, 0.6 km, 6.00 km™, and 2.05 km™
! respectively; compared to the values given by Parameswaran, this represents a much lower
transition altitude and a much shallower high-altitude gradient. Standard atmosphere conditions
are assumed for pressure and temperature. The results are shown below:
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Figure 11: Parameswaran relationship with coefficients to match tropical ocean climate (Manus island — see
appendix).

The large deviations in the required input parameters between the Indian and marine climates
serve to illustrate the difficulty of generalising the vertical variation of humidity. However, it is
possible to discretize the vertical profile for each climate category specified by NATO, by using
Parameswaran’s equation and the ground-level humidity and temperature from NATO. It is
important that the most reliable data possible is used, as the free water generation depends
significantly on the ambient humidity, as explained below.

3.5 Humid Air-Fuel Interaction

Kerosene fuel exhibits reversible hygroscopicity, meaning it has the ability to both attract
moisture from surrounding air and release moisture back to the air depending on the relative
saturation of both phases [1]. This is an important mechanism that affects the production of free
water within the fuel tank, as the fuel can be both hydrated if ambient humidity is high, and
dehydrated if it is low. Both the location of the equilibrium and the time taken to reach it are of
interest for modelling this process.

3.5.1Equilibrium

If warm, saturated fuel encounters cooler, non-saturated air (such as it might following a climb to
cruise altitude), a continuous process may occur in which water evaporates from the fuel and
increases the relative humidity of the air, which then condenses on cool surfaces within the fuel
tank and runs down into the tank sump; water vapour from the fuel continually replenishes the
humidity in the air until fuel and air have equal relative humidity [1]; depending on the
magnitude of interfacial tension, the condensation may or may not accumulate in the tank sump.
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The CRC states:

“The quantity of water dissolved in aircraft fuels is determined by the partial
pressure of water in the vapour space above the fuel. At relative humidity values
less than 100%, the amount of water dissolved in fuel will be correspondingly less
than saturation values in accordance with Henry’s Law.” [10]

Henry’s law asserts that at equilibrium, the quantity of a gas dissolved in a liquid is proportional
to the partial vapour pressure of the same species in the gas phase above the liquid [24]. This
means that if the relative humidity of the air above the fuel were only 50%, then the amount of
water dissolved within the fuel would also be 50% of its saturation quantity at steady state [1];
this is also supported by Smith [8], but applies only at uniform temperature. The CRC refers to
vapour pressure equilibrium rather than relative humidity equilibrium, which is true also when
temperature is not uniform.

When the two phases have different temperatures, the saturation vapour pressures are different,
so the RH values may differ even though the vapour pressures are equalized. An example of this
is shown in Figure 12:

Tair = 27°C
RHair = 59%
PHZO = 2093 Pa

Tfue| = 20°C
RHfue| = 90%
PHZO = 2093 Pa

Figure 12: Illustration of fuel-air equilibrium with differing fuel and ullage temperatures

In the case of different saturation vapour pressures, it is important to consider that the actual
vapour pressure in air may be higher than the saturation pressure in fuel or vice versa; this might
appear to indicate that warm, saturated air could force cooler fuel to become supersaturated.
However Terada states that this is not the case: once one phase has reached saturation, net
humidity transfer will be zero [25], as shown in Figure 13.

Tair =27°C
RHair = 90%
Phoo = 3186 Pa

Tfue] = 20°C
RHfue| = 100%
Phoo = 2326 Pa

Figure 13: Hlustration of fuel-air equilibrium limited by fuel saturation

It can be seen in this example that although the vapour pressure in air is far higher, the fuel has
reached saturation and therefore no further (net) transfer will occur. This is important, as the rate
of transfer is proportional to the difference in water vapour pressure between the phases; in this
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example, the limiting vapour pressure difference is that between the actual and saturated vapour
pressures in fuel, which is currently zero.

3.5.2Rate

Smith, referring to 1963 work by Winter, Lewis and Larsen, claims that completely dry fuel in a
shallow tank reaches equilibrium with the air above in a period of 3-4 hours [8]; the journal
article referred to was unavailable for review, so this claim should be treated with caution.

Much more recently, Terada et al. [25] analytically determined a correlation to calculate the rate
of water transfer between partially saturated fuel and air based on the interface area, water partial
pressures in both phases, and a constant; equation (7).

N0 = KAAPy20 @

Where 1y, is the rate of water transfer in moles per second, K is the transfer constant, A is the
interface area and Apy,, is the difference in partial pressure of water in fuel and air. Terada et al.
estimate K to be in the order of magnitude of 5e™".

Calculating the value of vapour pressure difference to be used requires some logic; Terada states
for transfer from fuel to air:

fuel __aair fuel air,sat
A _ ) Puz20 ~ Ph20 Pu20 < Ph20 (8)
PHz20 air,sat _ _air fuel o  airsat
H20 PH20/ Pu20 = Ph20

Essentially, the partial pressure of water in air can never exceed the saturation level, and the
transfer rate is proportional to the difference between the vapour pressure in air and to the smaller
of the saturation vapour pressure and the vapour pressure in fuel.

In the paper, only transfer from fuel to air is considered. However, in the case of helicopter fuel
tanks, bidirectional transfer must be taken into account; this increases the logical complexity as
there are now four pressures to consider (actual and saturation pressures in fuel and air
respectively), with the selection of pressure difference depending on the relative magnitude of all
four pressures. The saturation pressures of water in air and fuel differ if the two phases are at
different temperatures as mentioned in section 3.5.1. A 2-level decision tree with 5 possible
outcomes is required, shown in Figure 14.




pair > pfuel,sat dpP = pfuel - pfuel,sat
pair > pfuel <

pair < pfuel,sat dpP = pfuel _ pair
pair' pfuel' pair,sat’ pfuel,sat pair = pfuel dP=0

pfueI > pair,sat dpP = pair,sat _ Pair
pair < pfuel <

pfuel < pair,sat dpP = pfuel _ pair
Figure 14: Decision tree for vapour pressure difference between fuel and air, to be used when calculating fuel-
ullage humidity exchange.

The value of partial pressure difference (whether it is positive or negative) indicates the
directionality of transfer. Importantly, this relationship cannot be directly used to calculate the
rate of mass transfer between a bulk of fuel in contact with a bulk of air, due to the fact that
diffusion of water within the fuel and air phases will not be instantaneous and therefore quickly
become a limiting factor. The water vapour pressure in both phases will very quickly reach
equilibrium close to the interface, at which point mass transfer slows as it is limited by the rate of
water transport within each phase.

To estimate the rate of transfer when considering bulk fuel, it is useful to refer to the 2011 work
of Merkulov et al. [26], who conducted an experiment with a fuel column of 96 cm height (which
is representative of a small helicopter tank at ~50cm), above which dry air was maintained.
Measuring the relative humidity of the fuel at various depths over time, the following results
were found:
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Figure 15: Experimental data on the rate of fuel dehydration at several depths from Merkulov et al. [26]

The results suggest that the dehydration rate is nearly constant at depths greater than 30% of the
total depth, and that the bulk dehydration rate is in the order of 14 times slower than the surface
rate. Combined with the findings of Terada et al., this provides the basis for a humidity
interaction model in the proposed thesis project. Converting Terada’s equation from Mol s™ to kg
s and applying a scaling factor based on Merkulov’s results, the equation becomes:

0.0180 9)
14

Mpo = KAAPy20 X

The accuracy of this equation is unknown, as it has not been validated experimentally;
Merkulov’s results merely give an indication. Terada suggests that K might range from 4e” to 6e”
" depending on the exact composition of the fuel. Considering the combined uncertainties of K
and the scaling factor, an overall accuracy to within one order of magnitude can conservatively

be assumed.




3.6 Surface Condensation

In the vicinity of a cold surface, the boundary layer air temperature is lower than in the
surrounding air, and therefore the local RH can reach 100% even if the bulk RH is far below
saturation. Excess water vapour condenses and forms dew on the surface, an effect which can be
observed when a drink is removed from a refrigerator and placed in a warm room as shown in
Figure 16. The rate of condensation can be limited either by thermal or diffusion characteristics
[27].

Coalesced
droplet

Film
condensation

Figure 16: Surface condensation on a cold beverage[28], showing both film condensation (initial stage) and
coalesced droplets (developed stage).

It is important to at least estimate the order of magnitude of liquid water produced this way, as it
may contribute to the accumulation of free water in a fuel tank. Unfortunately, it is not easy to
accurately predict this effect without resorting to a finite element method, due to the complexity
of the thermal conditions and geometry.

Surface condensation refers only to condensation forming on a cold surface when the bulk
humidity is not saturated. The amount of water condensed when the bulk air reaches saturation is
treated separately.

3.6.1Thermal Factors

The most important prerequisite for the formation of surface condensation is that the surface
temperature is below the dew point of the air within the tank. No condensation can occur if this
condition is not met, as the air will not reach saturation in the boundary layer. Condensation of
water vapour is an exothermic process; The quantity of energy released during the process is
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known as the latent heat of condensation. Due to the law of conservation of energy, this heat
contributes to warming the condensed water and its immediate surroundings. Experiments
suggest that nearly all of the latent heat is transferred to the substrate rather than to the
surrounding air. This can have profound effects, for example raising the temperature of a chilled
drink can by 8°C in just 5 minutes [29].

Depending on the geometry and properties of the substrate material, the energy will be partially
conducted away from the interface and partially transferred to enthalpy of the material (warming
the substrate). Rubber has a very low thermal conductivity but a high specific heat capacity
compared to aluminium, so the energy will tend to heat up the rubber tank bladder (and the
condensed liquid water) rather than being conducted away through the material. Condensation
will continue until the surface temperature and local dew point have converged (the surface
temperature rises while the dew point falls).

Of course, latent heat is not the only thermal process concerning a fuel tank bladder. Heat will
also be exchanged to or from the ullage air, the surrounding air and structure, and the fuel. The
amount of water that can condense before the tank wall exceeds the dew point temperature
depends on the rate of heat transfer, and therefore on each of the thermal pathways. An overview
of the heat transmission pathways (excluding heat storage interactions) is shown in Figure 17.

Empirically, it is known that dew is far more likely to form on metal surfaces (e.g. car body) than
on rubber (e.g. tyres). The thermal conductivity of rubber is two orders of magnitude lower than
that of steel.

Qconv + Qrad + Qcond to
surrounding air, structure

<€

D Qcony to ullage

Qlatent

Qcong 1o fuel

Figure 17: Thermal process overview of surface condensation, energy storage terms not shown (enthalpy of
fuel, condensate, bladder material)

The transfer of heat to sinks outside of the tank are extremely difficult to calculate as this would
require knowledge of the design of surrounding structure, as well as the temperature that this
structure will have reached after a flight of a given duration. In addition, this would be different
for every helicopter model and even vary substantially from location to location along the
circumference of the tank. Substantial model differences between helicopter models would be
contrary to the project goal of building a generalised model.
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3.6.2Diffusion

Once some vapour has condensed out of the air, the local dew point near the surface is reduced
and will eventually descend below the substrate surface temperature. Condensation then cannot
continue as the boundary layer air is unsaturated. Additional humidity is supplied by diffusion
from outside the boundary layer.

The rate at which this diffusion process occurs is dependent on the flow regime (static, laminar,
or turbulent), flow velocity, and vapour pressure gradient. Figure 18 shows an example of the
temperature and dew point profiles that might be found near a surface on which diffusion-limited
condensation is occurring; the mixture is exactly saturated at the surface, and grows increasingly
unsaturated with distance. The relative humidity (degree of saturation) is indicated by the dew
point spread.

Thermal and Diffusion Boundary Layers

y
o
(]
5 e Temperature
©
EJ- e Dew Point (developed)
g Dew Point (initial)
[t
0 Distance from tank wall (cm)

Figure 18: Thermal and diffusion boundary layers at the tank wall. Condensation occurs at the tank wall
when the ullage dew point is higher than the wall temperature. At steady state, the ullage dew point matches
the tank wall temperature.

The figure illustrates that initially, the dew point in the mixture is uniform, and the actual
temperature is below the dew point, causing condensation to occur at the surface. The local dew
point then begins to drop as vapour is condensed.

The flow conditions within the tank strongly affect the diffusion behaviour. In quiescent
conditions, the diffusion boundary layer will be stable and very thick; the resulting small vapour
pressure gradient leads to a low rate of diffusion and therefore limited condensation. If the flow is
turbulent, near-perfect mixing can be assumed [9], which tends to accelerate humidity transport.

In summary, the diffusion characteristics are difficult to predict with any reasonable degree of
accuracy. In the following section, an attempt is made at empirically assessing the degree of
significance of the surface condensation phenomenon when analysing free water accumulation.




3.6.3Applicability

In the previous section it was stated that better mixing within the tank accelerates the transport of
humidity to the surface by producing a steeper vapour pressure gradient. However, in this
condition, the temperature gradient will also be steeper; the surface air temperature will be closer
to the bulk temperature. Therefore, the probability and rate of condensation are not expected to
increase as strongly with flow velocity as implied by the higher diffusion rate. This phenomenon
can be empirically observed by pointing a fan at a fogged-up window or mirror: the condensed
water quickly evaporates, unless the ambient air is close to saturation. Airflow therefore lowers
the risk and rate of condensation build-up; some air movement is always to be expected in a
helicopter fuel tank due to the presence of one or more vents.

Terada et al. neglected sub-saturation surface condensation entirely, and their calculated results
were remarkably close to experimental data [25]. Wetterwald et al. made the same assumption
but commented,

“Tank walls are assumed to have the bulk ullage temperature for simplicity. This
assumption neglects the effect of cold surfaces on condensation that
underestimates the overall condensation. Using a relatively lower bulk ullage
temperature may compensate the effect. ” [9]

It is unclear from the article whether or not a lower bulk ullage temperature was ultimately
considered in Wetterwald’s model; in any case, any attempt at estimating how much the
temperature should be lowered by would be an educated guess at best.

Even after determining the quantity of condensation formed on the surfaces of a fuel bladder, the
question remains of what happens to this water. On the vertical surfaces, it will readily run down
into the tank sump after reaching a critical film thickness [9]; underneath the horizontal ceiling of
the tank, it is conceivable that even after coalescing to large droplets, water does not drip down
into the fuel. This delay introduces the possibility of re-evaporation.

Re-evaporation can occur if the film remains attached as the substrate temperature increases
towards ambient temperature. As the surface temperature is now above the dew point, the water
will evaporate. The rate of evaporation is dependent on the flow velocity and degree of saturation
of the surrounding air.

In summary, surface condensation is almost impossible to predict to any reasonable degree of
certainty without an in-depth study of the surrounding structure of the particular helicopter model
under consideration, and the flow conditions within the fuel tank. Following this, a finite element
method would be required in order to model condensation, which is dependent on both time and
location within the tank. This most likely would require the use of computational fluid dynamics.
Due to the small mass of condensation and large mass of the fuel tank and fuel, it is likely not
feasible to determine the condensation rate experimentally with the required resolution. Bespoke
experiments for each new helicopter type would be contrary to the project goal.

Additionally, there are empirical and literature indications that condensation in fuel tanks,

especially those made of rubber, is not a significant contributor to water accumulation in said
tanks. Therefore, it may be justified to neglect this phenomenon.
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Effects on Helicopter Systems

Water in fuel (in liquid or solid form) can produce a number of effects, both beneficial and
detrimental. Examining the potential impact of the presence of water demonstrates the
importance of adhering strictly to the prescribed water drain interval and of ensuring thorough
validation of any analysis, model or simulation before an extension of the interval is considered.
Furthermore, an understanding of the effects is relevant when assessing which physical
phenomena are or are not relevant to the analysis.

4.1 Gauging

All Airbus helicopters currently use capacitive fuel level sensors. Such sensors consist of two
concentric, electrically conductive cylindrical tubes, between which there is either fuel or air,
which acts as the dielectric medium of the capacitor. As the dielectric constants of fuel and air are
significantly different, the fuel level determines the capacitance, normally given in picofarad
(pF), which is then used by the onboard electronics to conclude the fuel level in the tank [30].
Figure 19 presents a diagram of such a fuel probe. An electrically independent low level sensor is
affixed to the probes in the supply tanks to redundantly warn the pilot once the available fuel
supply drops below a certain level, normally 20 minutes of remaining endurance.
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Figure 19: Diagram of Airbus Helicopters capacitive fuel level probe [31].

As the dielectric constant of water is in the order of 40 times greater than that of aviation fuel, the
presence of even minute quantities of water between the sensor electrodes affects the fuel
quantity reading; the probe tends to over-read [32] [33]. In 2013, contradictory fuel indications
were reported on an Airbus helicopter, namely that the supply tanks showed as full, although the

independent low level warnings had been activated.

Airbus investigated this incident; it was found to be caused by water trapped between the
electrodes. Two very small holes are provided in the external electrode to allow fuel to rise up
and down the inner cavity with fuel level variations in the tank; water droplets became trapped in
the cavity due to the surface tension around the drain hole. This is shown in Figure 19 (drain
hole, lower left of figure) and Figure 20. The presence of this water caused the sensor to over-

read [33].
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Figure 20: Water droplet trapped in fuel level probe [30]

In response to the findings, a project to redesign the probe was started; the most recent design is
shown in Figure 21. The drain holes were significantly enlarged to encourage water droplets to
exit the probe:

Figure 21: Old (left) and new (right) fuel probe foot design [31]. Drain holes circled, showing enlaged hole on
new probe design.

A related problem is that in the presence of entrained water, microscopic water droplets adhere to
the electrode surfaces (this is thought to be due to electrostatic attraction), and remain there
unless the helicopter is completely drained of fuel and the probes allowed to dry. Over time, the
fuel quantity indication becomes increasingly inaccurate, which may not be noticed as it is a
gradual change (H. Mendick, personal communication, 3" April 2019).

Although the independent low level sensor exists to prevent running out of fuel inflight, incorrect
or contradictory fuel quantity information is a major concern; for example, if the pilot has relied
on the indicated quantity and is flying over water or mountainous terrain, an unexpected low
level warning may prompt a dangerous ditching or landing manoeuvre.
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Fuel level sensors may also be affected by microbial growth on the sensor itself; in this case a
failure of the fuel quantity measuring system would be indicated to the pilot, who should then
initiate a precautionary landing [34]. This could for example occur if water-retaining biological
growth created a short circuit between the electrodes of a capacitive fuel level sensor.

4.2 Ice

The hazards associated with the presence of ice in aircraft fuel systems are well understood,;
however, the accident of Boeing 777 G-YMMM in 2008 showed that even small quantities of ice
may accumulate and block a heat exchanger, restricting the fuel supply to the engine and causing
a dramatic loss of power [6]. In this particular incident, small quantities of ice accumulated
during the course of the flight on the interior surfaces of fuel hoses and were dislodged by the
variation of flow during final approach. This ice then blocked fuel-oil heat exchangers in both
engines.

Figure 22 illustrates the danger associated with fuel icing, showing ice accumulation on a H135
fuel pump strainer:

Ice buildup

Fuel strainer

Figure 22: Ice accumulation on a helicopter fuel pump strainer after a high-concentration laboratory test [30]

As helicopter missions are much shorter (the maximum endurance of any Airbus helicopter is 4.5
hours without reserve [30]) than the intercontinental flight by G-YMMM, the problem of
successive ice accumulation in fuel hoses should be diminished. Nonetheless, fuel filters and jet
pumps (a jet pump uses the Venturi effect to produce a pressure gradient) with nozzle diameters
of only a few millimetres may be blocked by very small quantities of ice (Figure 22); therefore it
is especially important to minimise water accumulation when freezing ambient conditions exist.

4.3 Microbiological Contamination

The International Air Transport Association (IATA) states that the microbes found in fuel grow
within the water phase using hydrocarbons as nutrients, therefore growing both at the water-fuel
interface and in condensation on tank walls [35]; they are able to grow at temperatures from -4 to
55°C in any hydrocarbon fuel. The substances excreted by some microorganisms are corrosive or
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exhibit surfactant properties; this leads to corrosion of metallic fuel equipment and the increased
absorption of free water into the fuel phase, respectively.

If growth is allowed to accumulate, large coherent mats may be dislodged and block filters and
pumps [36], potentially leading to an engine flameout (extinguishment of combustion due to fuel
starvation) in extreme cases. Alternatively, microbes may grow on filter elements themselves,
eventually blocking the element.

Once microbial contamination has developed, biofilms present on tank walls retain a significant

amount of water (over 90% of the biofilm consists of water) [36]; this means that once microbial
growth is present in a fuel tank, continuing to drain water is not an effective means to control the
problem — the tank must be mechanically cleaned and treated with biocide.

Finally, some microorganisms also produce surfactants; this increases the capacity for water and
other contaminants to be suspended in the fuel. Entrained water therefore will settle more slowly
or not at all [35] [36], which makes it impossible to drain and perpetuates the growth of further
microbes.




Water Avoidance and Management

Several additives are currently in use to protect helicopter fuel systems against the detrimental
effects of water presence, and additional strategies have been proposed to treat the problem at the
root by preventing the build-up of water in the first place. In this chapter, the main existing and
proposed methods will be reviewed and assessed on their applicability to helicopters; none of the
options are entirely free of downsides.

This assessment contributes to the justification for extended research into free water prediction,
as there is currently no real alternative to the tedious and inexact daily drainage.

5.1 Scavenging

On commercial airplanes, a water management method named “water scavenging” has been in
use for several years. The technology consists of aspirating any accumulated free water from the
sump of each fuel tank and mixing it into the fuel supplied to the airplane’s engines [37]; this
ensures that accumulated water quantities are kept very low. Peak water concentration in the
engine fuel supply is reached during taxi and take-off, when water accumulated during parking
must be disposed of.

As discussed in chapter 7, fixed-wing aircraft can tolerate far higher water concentrations than
helicopters. Combined with the presence of a water scavenging system, this enables drain
intervals to be significantly extended, for example to 7 days on the Airbus A380; still, water drain
operations account for nearly 75% of fuel system maintenance effort on wide-body aircraft [38].

A water scavenging system consists primarily of an additional jet pump per sump, to aspirate the
accumulated water, and some hoses to route the water into the engine fuel supply. Installing such
a system on a helicopter would cause a number of problems, chief among which are space
concerns and jet pump sizing.

Helicopter fuel tanks are very small compared with commercial aircraft; in most cases, there is
already a large amount of fuel equipment within the fuel tanks leaving no space for any
additional components for water drainage.

Additionally, the low water concentration limits applicable to helicopters would demand a jet
pump with an extremely small nozzle in order to not exceed 200 ppmv. Taking the Airbus
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Helicopters H135 as an example with a fuel consumption of approximately 130 | h™ per engine in
cruise, this is equivalent to 26 ml h™* per engine. A jet pump with a nozzle diameter below 1 mm
would be required; such a small nozzle could very

easily clog with the smallest of contaminant particles, causing a hazardous free water
accumulation once more. Susceptibility of scavenging systems to dormant (unnoticed) failures
has been frequently observed in fixed-wing aircraft.

5.2 Additives
5.2.1Fuel System Icing Inhibitor

Fuel system icing inhibitor (FSII) additives may be used to avoid the ice-related detrimental
effects of free water. The current industry standard is diethylene glycol monomethyl ether
(DIEGME), approved in concentrations of 700 to 1500 ppmv. DIEGME is a hygroscopic
substance that lowers the freezing temperature of water [39] similarly to ethylene glycol used in
automotive coolants.

Due to its hygroscopic nature, DIEGME tends to concentrate in free water phases, raising toxicity
concerns when handling water drained from a treated fuel tank. This property also potentially
lowers the concentration in the remaining fuel below the minimum effective level, thereby once
again producing an icing risk.

The CRC states, “Undissolved FSII can damage elastomers and other materials in the aircraft.”
[10]. The implication of this, particularly with regard to the elastomeric fuel bladders employed
on helicopters, is that great care must be taken to pre-mix the additive into the fuel strictly within
concentration limits specified by the manufacturer. It also raises concerns regarding the
previously-discussed tendency of DIEGME to accumulate in higher concentrations in the free
water phase, locally exposing tank bladder material to higher than specified concentrations.
Experience within Airbus shows that in such cases, the bladder may begin leaking in a matter of
weeks [30].

DIEGME has been demonstrated to reduce (but not eliminate) the rate of microbiological growth
in kerosene fuel [40].

5.2.2Biocides

As FSII does not eliminate the risk of microbiological contamination in turbine fuels, dedicated
biocidal additives may be required in certain situations, depending on climate (warm, humid
climates promote biological activity) and intended storage time. Biocides may be the only
reasonable option in cases where an aircraft is to be stored unattended, allowing a significant
quantity of free water to accumulate in fuel tanks.




5.2.3Aquarius

Neither FSII nor biocides address the root cause of the undesired effects they are respectively
targeted at. Aquarius is an additive currently being evaluated for approval which aims to prevent
the precipitation of dissolved water from turbine fuels.

One molecule of Aquarius bonds to one molecule of water, and may be added to fuel up to 250
ppm. When the water concentration exceeds the concentration of Aquarius, free water is once
again formed, providing a habitat for microbes and the potential for fuel system icing. An in-
service evaluation was successfully started in July 2018 on a Lufthansa A340 flight between
Munich and San Francisco [41].

Agquarius must be added during every refuelling process, implying both initial (mixing
equipment) and ongoing costs [38]. Like any additive, this disproportionately impacts small (e.g.
single-aircraft) operators.

5.3 Proposed Methods
5.3.10BIGGS Fuel Dehydration

On-board inert gas generating systems (OBIGGS) were first seriously considered on large
passenger aircraft in the aftermath of TWA flight 800, a Boeing 747 whose center fuel tank
exploded inflight in 1996. Such systems “supply dry warm Nitrogen Enriched Air (NEA) to fuel
tanks to reduce flammability” [9]. Essentially, the air and fuel vapour within the ullage is
displaced by NEA with a low enough oxygen content to prevent the formation of a flammable
mixture.

Wetterwald et al. proposed using this system to bubble dry NEA through the fuel in order to
dehydrate it; a schematic is provided in Figure 23. The modelling method and assumptions are
similar to those used in the Airbus Helicopters step 1 model (section 8.1).
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Figure 23: Diagram of proposed OBIGGS fuel dehydration system [9], showing water transport processes

The NEA bubbles, introduced at the left of Figure 23, initially have a near-zero water vapour
pressure within; this leads to a significant pressure difference which causes water to evaporate
from the fuel into the bubble as explained by Terada. An uncertainty once again arises
surrounding the diffusion behaviour: in this case, there can be a convection current within the
fuel tank, driven by the rising bubbles, in addition to diffusion of water through the fuel.

The model used by Wetterwald et al. indicates that the proposal has potential in reducing water
accumulation inflight. It was later validated against experimental data by Merkulov et al. [26] and
found to deliver accurate results when replicating the conditions of a laboratory test; it remains
unclear how close these conditions are to those encountered during a real flight. The lack of
reliable input data is a limitation across all attempts to model water accumulation in aircraft fuel
tanks, more details are to be found in section 8. A further limitation is that OBIGGS only works
when the aircraft engines are operating, so water will still accumulate when the aircraft is on
ground.

This topic was also investigated by Frank and Drikakis in 2018 [42] using computational fluid
dynamics (CFD). Similarly to Wetterwald et al., their research reached the conclusion that on
aircraft with existing NEA systems, they can be used for fuel dehydration with little or no
modification to the system.

Currently, OBIGGS systems are only available as optional equipment on one Airbus helicopter
model — the Tiger (military) [30]; therefore water control using OBIGGS is not currently a
possibility for civil helicopters, although it is potentially interesting for military operators. The
research paper is interesting for its approach to modelling the water accumulation in the non-
inerted case; unlike the Airbus step 1 model, Wetterwald et al. accounted for an entire mission
profile, albeit a very simple one with three uniform phases — climb, cruise and descent.
Wetterwald’s model is discussed in more detail in chapter 8.3.
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5.3.2Dry Vent System

A dry vent system refers to preventing the entry of water into the fuel tank via humid air; it does
not address water entering via fuel. Airbus has a patent on such a system [43], consisting of a
desiccant dehumidifying device placed into the fuel tank vent line(s), which can be regenerated
by blowing hot air from the wing anti-icing system (WAIS) through the dehumidifier. The system
is presently at a low technical readiness level [38] and in the context of a helicopter, raises the
question of where to source hot air for desiccant regeneration as rotor anti-icing systems
(equivalent to WAIS) are not common, especially on smaller helicopters and on those operated in
the warm climates which are most at risk of water accumulation.

Hot air (WAIS)

Bypass

Desiccant

Figure 9
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Figure 24: Diagram of the dry fuel tank vent system with desiccant regeneration feature [43]. Hot air from
WAIS is used to dry the desiccant when it becomes saturated. Bypass is used in case of desiccant clogging.

5.3.3Free Water Detection

The earliest method of free water detection used by Airbus Helicopters was an optical sensor
placed into the sump of each supply tank of the helicopter; water is differentiated from fuel by its
different refractive properties. Water levels as low as 1-2 mm could be detected reliably. The
disadvantage of this strategy is the requirement for a dedicated sensor and the associated space
and wiring (M. Hebensperger, personal communication, 5t April 2019).

Subsequently, a strategy was introduced to detect free water using a combined capacitive probe
for fuel and water level measurement (Figure 25), relying on the fluids’ respective dielectric

constants as described in section 4.1.
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Figure 25: Combined capacitive fuel and water level probe [44]

This proved to be a step back in terms of sensitivity, as the combined tasks of the probe require
significantly different resolutions; there must be a compromise between accurate calculation of
fuel level and water level. Finally, free water can be detected only in the range of 8 to 25 mm;
above this range, a sensor failure is indicated (M. Hebensperger, personal communication, 5™
April 2019). In the context of the NH90 helicopter model (for which this system is destined), 8
mm represents a free water quantity of about 200 ml per tank [44], corresponding to more than
600 ppm of free water even when the tanks are full. The NH90 is a purely military helicopter and
thus not subject to the certification requirements given in chapter 7.




Mission Profiles

The temperature history experienced by a fuel tank is a crucial piece of information in order to
estimate water accumulation, which is the result of temperature cycles experienced by both the
air and fuel. Both of these thermal parameters are directly related to the mission profile (altitude
vs. time) flown by an aircraft.

In this chapter, the limited available data regarding helicopter missions will be presented and
their relevance to free water prediction evaluated, along with a discussion of the differences
between airplanes and helicopters.

6.1 Fuel Temperature

The evolution of fuel temperature over the course of any period of time (inflight or on the
ground) depends primarily on two parameters: the rate of heat transfer into or out of the fuel tank,
and the thermal mass of the fuel contained therein.

6.1.1Comparison between Airplanes and Helicopters

In the wing tanks of fixed-wing aircraft, the fuel is generally separated from the transonic flow of
very cold air (below -50°C) only by the wing skin, made of aluminium a few millimetres thick
(high thermal conductivity). As a result, the fuel temperature follows the ambient air temperature
quite quickly; Figure 26 shows an example of this.
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Figure 26: Fuel and air temperatures on British Airways flight no. 38, 17t January 2008 [6] (oné square = 20
mins). Total ambient temperature (TAT, red) and static ambient temperature (SAT, blue) shown.

The fuel temperature on BA038 fell by 20°C during the initial 2 hours of cruise flight, with full
fuel tanks (large thermal mass). In the final 2 hours of the flight, the now nearly empty fuel tanks
displayed an even faster response to ambient temperature changes, as the thermal mass was
reduced.

The fuel temperature on helicopters displays a slower response to ambient temperature; this has
two reasons:

1. Helicopters use rubber fuel bladders separated from the fuselage skin by crash-resistant
foam blocks (thermal conductivity: ~0.03 W m™ K™ for foam [45]vs. ~240 W m™ K for
aluminium [46])

2. Helicopter missions are shorter and at lower altitude (smaller temperature gradient)

An example of fuel temperature evolution during a flight test on an Airbus helicopter is shown in
Figure 27; the test helicopter’s fuel tank was less than half full at the beginning of the flight.
Although the temperature difference between fuel and ambient air is nearly triple the difference
at the beginning of BA038, the rate of cooling is only 70% higher (0.28°C min™ for the
helicopter, 0.17°C min™ for the airplane).
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Figure 27: Fuel temperature response to ambient temperature on BK117D2 flight no. F1242

Similar results are available for a flight test with the H160; the fuel quantities at the start and end
of the flight were 500 and 200 kg respectively. The fuel temperature, ambient temperature and
altitude are shown in Figure 28 and Figure 29.
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Figure 28: Fuel temperature against time (seconds) during H160 flight no. F0228 [47]
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Figure 29: Measured altitude and approximate (ICAQO) ambient temperature during H160 flight no. F0228

Again it can be seen that although the temperature difference between the inside and outside of
the fuel tank is up to 60°C, the fuel temperature decreases only by around 2°C over the course of
nearly an hour at altitude. This indicates that helicopters are less susceptible than airplanes to free
water generation due to thermal cycling of the fuel. Using the known data, it is possible to
determine the overall heat transfer coefficient.

6.1.2Fuel Temperature Modelling

Considering that the cooling (or heating) rate of the fuel in a helicopter fuel tank is proportional
to both the temperature difference and the fuel mass, it is possible to infer a correlation from
existing experimental data to roughly estimate the fuel temperature evolution during any given
mission profile.

The data shown in Figure 27 and Figure 28 stem from certification flight tests at 20,000 ft
(6100m) - for certification, operation in the full flight envelope must be demonstrated. It is rare
for helicopters to operate at such altitudes (see section 6.2); a temperature difference of 60°C
between the fuel and ambient air is therefore also not a regular occurrence. Combined with the
afore-mentioned factor of helicopter missions being limited in duration (the maximum endurance
of helicopters is between 3 and 4.5 hours [30]), this would justify the consideration of constant
inflight fuel temperature in modelling, but it is not necessary to make this simplification as the
correlation is simple to determine.

The fuel temperature is considered to follow an implicit relationship: the rate of change of fuel
temperature depends on the temperature difference across the tank wall and therefore on the fuel
temperature itself. Other parameters will be the fuel mass and the surface area, material type and
thickness of the outer shell, crash-resistant foam and tank bladder. As these are not always known
with certainty, an overall heat transfer constant K; can be derived from experimental data which is
particular to the helicopter model; its units are kJ K™* s, or transferred energy per unit of
temperature difference and time.
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ATrer K
dt mf X Cpf

X (Tfuel - Tamb) (10)

Using flight test data in which the fuel temperature, ambient temperature and fuel mass were
recorded over time (such as Figure 30), the value of K; can be calculated. The specific heat
capacity (cp) value used is the average value for Kerosene: 2.01 kJ kg K™,
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Figure 30: Excerpt of fuel quantity, fuel temperature, and ambient temperature (OAT) from a flight test.

Analysis of data from several helicopter types showed the value of K varying from 0.010 to
0.035 kJ K*s™*: the primarily carbon-fibre H160 exhibited the slowest heat transfer while the
aluminium-skinned H135 showed the highest value. Besides geometrical differences, this may be
due to the fact that carbon fibre composites have a thermal conductivity at least one order of
magnitude lower than that of aluminium [46] [48].

6.2 Altitude and Range

Information about the habits of helicopter operators in terms of altitude and duration provides
valuable insight into the ambient temperatures typically encountered by these helicopters, which
is necessary in order to estimate the thermal conditions within the fuel tank.

The altitude and track of helicopters differ significantly between different operator types; it is not
reasonable to make a generalisation across all helicopter operators. Two main sources of data can
be considered: data held by Airbus customer support and publicly accessible air traffic control
radar records. Information pertaining to North Sea oil & gas transfers, law enforcement and air
ambulance operations is presented in this section, as they are the most common categories.
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6.2.1North Sea Oil & Gas

Figure 31 and Figure 32 depict the speed and altitude profile of a return flight from Esbjerg
(Denmark) to an oil platform in Danish waters, flown by an Airbus Helicopters H175. Based on
the speed and duration, the distance appears to be approximately 260 km; the cruise altitude was
5000 ft (1500 m) outbound and 7500 ft (2300 m) during the return leg — far below the
helicopter’s service ceiling of 15000 ft (4600 m) [49].
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Figure 31: Outbound flight from Esbjerg (Denmark) to Drop 609 oil platform
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Figure 32: Return flight from Drop 609 oil platform to Esbjerg (Denmark)

Additional mission information can be obtained from Flightradar24, which provides radar data
for past flights of any aircraft with a compatible transponder. Although no statistical information
IS provided, it is possible to review the last 7 days of radar data for a given aircraft; for example,
a H175, registration PH-NHYV flew at least 7 legs between North Sea oil platforms and Den
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Helder (in the Netherlands) on 18™ April 2019; the maximum altitude was 5000 ft (1500 m) with
a range of approximately 200 nmi (370 km), shown by the example in Figure 33:
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Figure 33: Selected radar data of PH-NHV on 18™ April 2019 [50]

6.2.2Law Enforcement

A useful demonstration of the difference in mission profile depending on the operator is provided
by analysis of the flight path followed by a H135 operating a police surveillance flight in
Scotland. This flight lasted 98 minutes, during which an altitude of 3000 ft (900 m) was never
exceeded, with more than half of the flight taking place around 1000 ft (1000 m) [51], Figure 34.
Temperature was reportedly 6°C at ground level and 0°C at 3000 ft (900 m), corresponding to the
standard ICAQ temperature lapse rate. Based on the information in section 6.1, there is likely to
have been no measurable change in fuel temperature during the flight.
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Figure 34: Altitude of police H135 in November [51]




6.2.3MEDEVAC

Air ambulance flights are unique among civil helicopter applications as they are typically both
short and spontaneous. As an example, the H135 PH-HVB can be considered; in the week of 17"
to 24™ April 2019, it flew 100 legs primarily to or from hospitals in Rotterdam. Only 20 of these
flights exceeded 15 minutes in duration and the maximum altitude was 2000 ft (600 m). An
example is shown in Figure 35.
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Figure 35: PH-HVB flight from a field to the nearby Rotterdam university hospital, 24™ April 2019 [50],
showing the very low altitude generally flown by emergency response helicopters.




Certification Regulations

Certification regulations provide a legal framework for the design of aircraft and their systems,
among them helicopter fuel systems. An understanding of the requirements set by these
regulations is important when analysing free water accumulation, because they dictate how much
water the system must be able to demonstrably tolerate, which in turn determines the maximum
safely allowable accumulation.

In this chapter, which focuses on regulations for the European Union, the applicable rules will be
examined, along with the regulatory differences between helicopters and airplanes which have
enabled the tolerance of much higher water quantities in airplane fuel tanks.

The European Aviation Safety Agency (EASA) is the authority responsible for setting and
enforcing airworthiness requirements for aircraft to be registered in its jurisdiction. The
regulations applicable to helicopters are CS27 (small rotorcraft, max. takeoff mass < 3175 kg)
[52] and CS29 (large rotorcraft) [53].

The paragraphs applicable to water in fuel tanks are similar between the two specifications; they
are paragraphs 951c and 971 in each case, which will be subsequently discussed.

7.1 Paragraph 951c

Paragraph 951c is worded in CS27 as follows:

“Each fuel system for a turbine engine must be capable of sustained operation
throughout its flow and pressure range with fuel initially saturated with water at
27°C (80°F) and having 0.198 cc of free water per litre (0.75 cc per US gallon)
added and cooled to the most critical condition for icing likely to be encountered
in operation.” [52] pp. 1-E-4

Due to the cooling of the fuel, the total free water concentration is increased by the amount
released from the cooling fuel. This change will be in the order of magnitude of 50 ppmv — the
CRC states an approximation of 1 ppmv per °F [10].

The value of 198 ppmv (CS29 refers to 200 ppmv) is neither justified nor substantiated by
EASA, it appears to have been duplicated from the US Federal Aviation Administration (FAA)
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regulations. The corresponding Federal Aviation Regulation section 29.951c, amendment 29-10
[54] was made effective as of 31% October 1974 and based on Notice of Proposed Rulemaking
(NPRM) 71-12; however this NPRM does not provide any justification for the choice of
concentration and temperature [55].

Although the basis for this value cannot be determined, it is certainly not current, having been in
force for 45 years. The specifications for large aeroplanes feature the following similar text:

“Each fuel system must be capable of sustained operation throughout its flow and
pressure range with fuel initially saturated with water at 26.7°C (80°F) and
having 0.20 cm3 of free water per litre (0.75 cm3 per US gallon) added and
cooled to the most critical condition for icing likely to be encountered in
operation.” [56] pp. 1-E-5

This similarity suggests that the requirement in CS27 and CS29 may have been simply duplicated
from airplanes, with an unknown level of applicability validation.

7.2 Paragraph 971

Unlike paragraph 951c, paragraph 971 differs substantially between the two rotorcraft categories.
For small helicopters, the requirement specifies a fuel tank sump “with an effective capacity in
any ground attitude ... of 0.25% of the tank capacity or 0.24 litres, whichever is greater ” while
for larger helicopters, 0.10% or 0.24 litres is required [52] [53].

In this case, the specifications for large aeroplanes permit an exemption that is not present in
either helicopter specification: “Each fuel tank must have a sump...unless operating limitations
are established to ensure that the accumulation of water in service will not exceed the sump
capacity.” [56]. This statement likely refers to the application of water scavenging as outlined in
chapter 5, which eliminates the need for a large sump volume as long as the scavenging system is
functional.




Associated Models

In order to gain an overview of the possible approaches to an aircraft fuel tank analysis, this
chapter presents and reviews existing models and analysis related to the subject of water
accumulation in fuel tanks and to the work intended in this research project. Based on the
sometimes limited information on the analysis methods, previous work appears to fall into the
following categories: basic numerical analysis and physical modelling.

8.1 Airbus Helicopters Step 1 Model

A spreadsheet was previously developed within Airbus Helicopters, which is able to perform
preliminary calculations of the quantity of free water generated in a fuel tank of given volume
during the change from an initial to a final state [57]. This preliminary numerical analysis appears
to be a good basis for the development of a more sophisticated analysis program. Its accuracy in
calculating the volume of water accumulation is estimated to be within one order of magnitude.

8.1.1Inputs and assumptions

As inputs, the spreadsheet requires the volumes of the fuel tank and of the fuel itself (which is
considered constant), the initial and final ambient temperatures and pressures, and the initial
relative humidity.

The following assumptions are known:

1. Fuel always saturated with water

Constant fuel volume

Temperature decreasing from initial to final state (no provision for temperature
increase)

Uniform pressure throughout the tank

Constant water density

No humidity exchange between existing air and aspirated air volume

No fuel dissolved in water

No fuel vapour

Temperature equilibrium between all phases
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The assumption of fuel always being saturated with water is not justified and requires further
research (which is one of the present MSc project’s goals). As stated in section 3.5, the relative
humidities of fuel and air should equalize over time, but on the other hand, in the presence of a
volume of free water underneath the fuel, more water might continually be absorbed by the fuel if
it is not saturated — section 2.2. In this situation, the fuel would be functioning as a wick,
transporting water from the free water phase to moisture in the air by means of solution. It is
likely that the equilibrium reached in this condition is dependent on the ratio of fuel surface area
exposed to air and water, respectively, among other factors such as temperature and agitation.

The most critical limiting assumptions are 2, 3 and 6. Assumption 2 (constant fuel volume) was
likely made in order to simplify the calculation of air ingress and speed up development of this
basic prediction. Assumption 6 is particularly relevant with regard to the equilibrium of
humidities between air and fuel discussed above.

Importantly, the spreadsheet does not take into account mission profile, fuel consumption or
ullage temperature differing from fuel temperature. These are the main factors limiting its
usefulness to estimating accumulation within an order of magnitude.

8.1.2Calculation Steps

The step 1 model calculates the accumulated water quantity according to the following steps:

1. Calculation of initial conditions: Using the given inputs, the model calculates the initial
values of
a. fuel and air density
b. specific humidity of the air
c. degree of water solubility in fuel (a curve of water solubility in fuel is used, which
may be modified to account for different fuel blends as discussed in section 2.1)
d. mass and volume of dry air, water vapour and dissolved water

2. Calculation of new air RH considering new temperature and pressure

3. Calculation of final quantities of water vapour (considering relative humidity) and
dissolved water (considering 100% saturation)

4. Determination of free water quantity from difference between steps 1 and 3

5. Calculation of aspirated air volume from difference of initial and final total volumes

This approach is very simplistic and although certainly useful in determining whether serious
research on the topic is warranted, it is likely to be more resource-efficient to build a new
program from the ground up rather than to attempt adapting the Excel architecture to a more
complex algorithm.

8.1.3Example Cases

A series of sample situations were entered into the step 1 model to generate an elementary
sensitivity analysis. These were 2 each ground and climb cases, detailed in Table 4.




Table 4: Sample results of Airbus Helicopters step 1 model

Initial conditions Final conditions Water qty./ml
Climate Description Teorgp_ F;: Prsass, Teorgp_ PrPeass, 90% full 10% full
A3 European summer 39 43 101325 28 101325 110 12
A3 Climb SL to 2km 39 43 101325 26 79495 126 14
B2 Wet hot SE USA 35 74 101325 21 101325 125 71
B2 Climb SL to 2km 35 74 101325 22 79495 115 40

It is distinctly noticeable that the free water quantities calculated are largest when the fuel tank is
almost full of fuel (a tank of 5001 capacity was considered). This is due to the assumption made
in the model, that the fuel is always saturated with water; therefore any minimal reduction in
temperature immediately leads to the generation of free water. Ragozin concurs, stating “The
greatest quantity of water will have accumulated on the bottom of the tank in which there was the
least free space and the most kerosene.” [T].

For the 90% full cases, the water production is equivalent to 244-280 ppmv; for the 10% cases,
the concentrations are 240-1420 ppmv, up to 7 times the amount demonstrated to be safe
according to chapter 7.

Additionally, among the ground cases, the free water production is observed to be higher in the
more humid climate; this is in line with operator feedback (L. Lollini, personal communication,
March 2019). A significant contributing factor in this observation is the fact that air in the B2
climate cycle reaches saturation on a daily basis (Table 3 and Figure 10), therefore producing
significant amounts of condensation every evening as the air cools below its dew point; air
saturation is not reached in cycle A3.

Ragozin’s observations do not appear consistent with the latter operator feedback — he claims that
an empty fuel tank will not accumulate any water, and in partially-filled tanks, the accumulation
will be proportional to the quantity of fuel present, which implies that air-space condensation
either plays no role, or is self-compensating. However, Ragozin refers to a sealed tank, rather
than a vented one as found on helicopters.

8.2 Triton

An existing MATLAB®-Simscape based model named “Triton” was developed for Airbus
Commercial Aircraft; it is a full fuel storage system model. Triton uses a physical model of each
subdivision inside the fuel tanks, known as bays, and even considers the non-instantaneous flow
between the bays due to baffles and other restrictions as well as flow restrictions in pumps, hoses,
valves and other equipment. The modelling of water accumulation is only a small subset of its
capabilities.

Triton is able to predict the accumulation of free water during a given mission of an A330-200.
Input data were taken from measurements during actual flights operated by KLM between
Amsterdam and the Dutch West Indies. Its results are promising [5], but it has not been validated,
for this it would be necessary to record the quantities of water drained after the mission. As new
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airplane designs incorporate water scavenging which largely eliminates the physical need for
water drainage, Triton is more intended as a design tool to evaluate the distribution of water
between the various tanks, than as an evaluation method to demonstrate water accumulation
behaviour to airworthiness authorities.

The scope and level of detail in the model far exceeds that which could be achieved in an MSc
graduation project, and Triton is not likely to be adaptable to helicopters (M. Yahyaoui, personal
communication, 25 March 2019) due to the extensive architectural differences between fixed-
wing aircraft and rotorcraft. It follows that the effort required to adapt this model to helicopters is
higher than that required to build a new analysis from the ground up; the latter option is therefore
preferable. The existence of this model does, however, indicate the feasibility of such modelling
methods.

8.3 Wetterwald

In order to evaluate the potential of using OBIGGS to control water accumulation (chapter 5.3.1),
Wetterwald et al. developed a MATLAB® model [9]. This functions as a time step model; at
each time step, calculations are performed on the ullage and fuel humidity to determine whether
any free water is generated during that time step.

Assumptions were made for the mission profile and fuel temperature:
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Figure 36: Wetterwald model mission profile and assumed fuel temperature profile [9]

In addition to using an assumed fuel temperature profile, Wetterwald further simplifies his model
by assuming perfect mixing in both the fuel and ullage phases, and that the tank walls have the
same temperature as the ullage. The latter assumption means that surface condensation is not
considered.

Unlike the AH step 1 model, Wetterwald does consider fuel dehydration by the ullage (this is the
object of the OBIGGS study). Also, the Parameswaran equation for humidity at altitude is used,
albeit with only one fixed set of coefficients given by Parameswaran for Port Blair (India).

There may be an opportunity for partial validation of a new model to be developed by comparing
it to the results presented by Wetterwald et al. for the non-inerted cases, as the paper documents
the assumptions and inputs very thoroughly. An excerpt of the results is shown in Figure 37.
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Figure 37: Free water quantity in a Boeing 747 centre wing tank (50% fuel load) [9], numerical model data

8.4 Oreshenkov

In 2004, Oreshenkov [58] published results of a partially validated mathematical model for the
accumulation of free water in jet fuel storage tanks; the model achieved an error of below 10%
for TS-1 storage tanks of 25 and 50 m® over one year. The measurement results were in the order
of 100 ppmv of free water over the course of the year; however it is unclear how applicable this is
to helicopters. The storage tanks have a much greater thermal mass leading to less temperature
variation, and Oreshenkov does not give the values of the climate data used. For reliability, the
model would also need to be validated against multiple measured results in different climatic
conditions and tank sizes.

Similarly to Wetterwald et al. (section 5.3.1), Oreshenkov also attempts to model the
accumulation of free water inflight by dividing an airplane flight into three rudimentary phases
(climb, cruise and descent). Although the results are promising, with an error of 15% to measured
results, only a single data point is shown for validation. The tank wall temperature and wall-fuel
heat transfer coefficient are used to model fuel temperature over time; no values or measurement
methods are provided for any variable but it can be reasonably assumed that a large commercial
aircraft is being considered, again limiting its applicability to helicopters due to tank size and
construction as well as ambient conditions and mission profile.




Interim Summary and Research
Questions

In this section, the existing research will be summarised, the knowledge gap highlighted and
research questions formulated.

9.1 Conclusions from Existing Research

In chapter 2, the types of water found in helicopter fuel tanks were presented, along with the
physical processes underpinning their creation, entry, retention and exit from the fuel system.
Here it can be concluded that all of the effects which lead to the existence of water in airplane
fuel tanks are applicable also to helicopters to some degree, but that no research has yet been
published investigating the degree of similarity.

Additionally, in chapter 3 the vertical profile of temperature, pressure, density, and humidity
were examined based on aviation industry standard values, measurements, and computational
models. This highlighted the problem that the atmospheric conditions are difficult to generalise;
although models exist which can calculate the vertical distribution of humidity to a sufficient
degree of accuracy, the profile appears to always depend on the ground-level conditions, as well
as the geographic location of the site. This is further complicated by the effect of local weather
phenomena on the conditions at low altitudes, particularly temperature and humidity.

NATO provides a potential way to bypass this generalisation problem, by discretizing the world’s
climate into 12 categories. Using these discrete categories combined with the available vertical
humidity profile data, the ambient conditions encountered by a helicopter during a given mission
can be approximated if the duration, altitude, and location of the mission are known and low-
altitude weather effects neglected. This leaves the uncertainty of what happens when travelling
through clouds, where the air is sometimes super-saturated.

In chapters 4 and 5, the detrimental effects of water in helicopter fuel tanks and the unsatisfactory
prevention, avoidance and curative methods were outlined. The combination of potentially
dangerous and/or expensive consequences and the present lack of any satisfactory water
management or avoidance technology applicable to helicopters serve to demonstrate the
importance of this aspect of helicopter operations; without detailed investigation of water build-
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up, it is unavoidable to perform the drain operation daily. As with the airworthiness requirements,
the physical justification of once daily as the required drain frequency is not readily apparent.

As an extension of the ambient condition data in chapter 3, the missions performed by helicopters
are discussed in section 6, with respect to the inputs likely to be required when modelling the
water accumulation. The presented fuel temperature measurements from flight tests, combined
with an example of a helicopter mission showing the tendency for helicopters to fly at altitudes
below their already relatively low service ceilings, support the suggestion that fuel temperature
could be considered constant during a helicopter flight. If implemented, this would remove one
unknown variable from the model.

A brief review of airworthiness authority requirements in chapter 7 showed that there is an
absence of physical justification for the requirements applicable to water in the fuel supply;
certainly, none has been published. The present research aims to quantify the actual water
accumulation encountered in helicopter fuel tanks, which will provide as-yet non-existent
contextual information to aid in understanding this requirement. The results could, after further
validation, be used as a basis for adjusting or rephrasing the requirement, for example by
referring to a fraction of sump volume instead of a concentration within the fuel.

In chapter 8 it becomes apparent that no sufficiently sophisticated water accumulation model yet
exists for helicopters. This is the knowledge gap that will be addressed by the new model. The
theory applied in some of the existing models will be synthesized, augmented where possible,
and packaged in a user-friendly and broadly applicable MATLAB program.

9.2 Research Questions

It has been demonstrated that a knowledge gap exists surrounding the computational prediction of
free water accumulation in helicopter fuel tanks. The literature study generated a large number of
research questions; only a subset of these can be investigated within the scope of the present MSc
thesis project owing to resource constraints (e.g. no experiments can be performed, time limit of
9 months).

The overarching research question to be answered by the thesis project is as follows:

Is it possible to improve understanding of the physical phenomena causing
water accumulation in helicopter fuel tanks, by developing a computational
prediction model?

The following sub-questions will need to be answered to conclude on the main research question:

1. Which criteria must an analysis or model fulfil in order to be considered validated, in this
context?
2. Which factors most strongly influence the free water quantity in a helicopter fuel tank?
3. To what degree of certainty and accuracy is it possible to computationally predict the free
water quantity in a helicopter fuel tank?
a. Which types of data are required in order to predict water accumulation?
b. Is this data available and reliable?
c. Can helicopter missions be sufficiently grouped or generalized?
d. To what level of confidence can the analysis be validated?



4. To what extent does the different fuel water solubility exhibited by alternative fuel blends
impact free water quantity and its predictability?

5. Are the quantities of free water encountered low enough to allow an extended drain
interval without compromising safety?
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Modelling Overview

Based on the research questions, it was decided to develop a model using MATLAB® to predict
the accumulation of water in a helicopter fuel tank from first principles and given ambient
conditions and mission profile. This model is named the Airbus Helicopter Water Accumulation
Simulation (AHWAS).

This chapter provides an introduction to the aims, approach and design of AHWAS.

10.1 Specification

Within the scope of a MSc thesis, the model should fulfil the following requirements:

1. Work reliably under any physically possible combination of input conditions
2. Calculate the accumulated water over the course of a single flight, a series of flights, an
entire day or week

3. Employ a user-selectable time step
4. Consider the physical phenomena:

a. Variable fuel temperature
Variable fuel and air humidity
Temperature-variable water saturation level in air
Temperature-variable water solubility in fuel
Water exchange between fuel and air (reversible hygroscopicity)

f. Surface condensation of warm air on cool surfaces when bulk RH < 1
5. Allow a sensitivity analysis of the water accumulation to each input parameter

© Qo0 o

10.2 Approach

In general terms, the approach to the modeling problem consists of calculating the evolution of
physical parameters (state variables) in the fuel tank based on first principles. In some cases,
either for simplification or to circumvent the use of unknown physical variables, coefficients are
derived from existing flight test data; one example of this is the fuel thermal coefficient,
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described in section 6.1. The fuel thermal coefficient is required to avoid the need for a CFD
model of the thermal conditions within and surrounding the fuel bladder.

MATLAB® R2017a was chosen as the software environment for development of the model;
some of its advantages over Microsoft Excel used for the Airbus Helicopters step 1 model are:

1. Clarity of mathematical equations due to:
a. use of named variables instead of cell numbers
b. multi-line if / elseif / else statements in place of the nested if structures required by
Excel
2. The absence of enormous tables of visible data
3. The ability to stably handle larger quantities of data than Excel, especially in iteration
loops (macros)
4. The ability to produce a customized user interface (e.g. data input windows)
5. Ease of error-checking and debugging due to visible code

10.3 Architecture

The modelling effort is divided into two phases:

1. Development of a physical model to calculate the final state based on the initial state and
the time step (similar in scope to the AH step 1 model)

2. Development of a temporal model to supply the physical model with inputs and perform
calculations with non-linear variation of parameters, over an extended period of time

The physical model is similar in concept to the existing Airbus Helicopters step 1 model but more
sophisticated and with fewer assumptions. Given the initial conditions, the final fuel volume and
ambient conditions, as well as the time step, this model calculates the final conditions and
deduces the quantity of free water accumulated over the time step.

The temporal model is able to determine the water accumulation over time given the mission
profile and climate information. The time period under study is divided up into a number of time
steps. Each subdivision treated as a step change and the parameters are passed to the physical
model, which returns the water quantity produced during that iteration and the final values of the
state variables. These state variables are then passed forward to the physical model in the next
step as the initial values.
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Physical Model

The physical model performs calculations for one step-change in ambient conditions. As the time
step is considered small, certain simplifications can be made (chapter 11.2). Required inputs
include the initial and final conditions inside and outside of the fuel tank, as well as certain fuel
system parameters such as the fuel surface area, fuel volume and tank volume.

As the flow of data within the code is relatively complex, it will be explained using a flow chart
inspired by the Extended Design Structure Matrix (XDSM) proposed by Lambe and Martins [59].

With an XDSM, it is possible to specify which data are shared between which processes. This
also forms the basis of validation by degeneracy checks as explained in section 13.

11.1 Nomenclature

A large number of symbols are required to refer to the data. These are listed in Table 5.

Table 5: List of symbols used in XDSM

Symbol Name Unit
A surface area m?
C specific heat capacity of fuel ki kgt K*!
h altitude ftorm
K¢ fuel thermal constant kiK's™
m mass kg
P (partial) pressure Pa
RH relative humidity -

S solubility of water in fuel by mass -
SH specific humidity -
T temperature Kor°C
Vv volume lorm?
At time step S
p density kg m>

To these symbols, a number of subscripts are appended to specify which value is being referred
to; these are listed in Table 6. The number 1 or 2 is appended to the following subscripts to
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differentiate between the initial and final value where necessary, as well as the letter “s” to denote
saturation conditions.

Table 6: Subscripts used in XDSM

Subscript Meaning
a ambient
b base (sea level)
c condensation
cr critical
dw dissolved water
ev evaporation
f fuel
pr precipitation
S tank bladder surface
s saturation
T tank
u ullage
v vent
wv water vapour

Example: Pyy1s indicates the initial saturation pressure of water vapour.

In the MATLAB® code, structures are used (a structure is essentially a parameter tree). The
structures “initial” and “final”, as well as “ambient” are used, with one or two sublevels.

In the second level, parameter names similar to those in Table 5 appear (“t”, “rho”), and on the
third level (if present), parameter specifications similar to the subscripts in Table 6 appear. For
example, the initial ullage temperature is referred to as “initial.t.ull”. More general parameters are
referred to in plain text, such as “timestep” and “cp_fuel”.

11.2 Assumptions

In this section, the most important assumptions will be listed, discussed and contrasted with the
approaches taken by similar models. Table 7 gives a comparison of the main assumptions
between AHWAS and the Airbus Helicopters step 1 model, Wetterwald, and Oreshenkov.




Table 7: Comparison of assumptions between associated models

Aspect AHWAS AH step 1 Wetterwald Oreshenkov
. . always . .
fuel saturation (RHy) state variable saturated state variable state variable
fuel volume state variable constant constant constant
directionality state variable coolingonly  state variable state variable
ullage/fuel humidity vgrl_able_ rate, N/A N/A instantaneous
exchange bidirectional
linked state I A linked state
temperature . equilibrium equilibrium i
variables variables
surface condensation  no re-evaporation N/A N/A crltlcaglizderoplet

Assumptions shared by all 4 models include:

No fuel vapour in the ullage (this has no effect on the interaction between water and fuel)
No fuel dissolved in water

Constant water density

Variable fuel density

No free water reabsorption into the fuel

Perfect mixing in both phases

The models are arranged in order of accessibility: for the AH step 1 analysis, the entire
spreadsheet is available to perform calculations as required. Wetterwald provides graphical and
tabulated results of his analysis, while Oreshenkov only states the relative accuracy of his model
to measured data under unknown conditions.

In addition to the above basic assumptions, more complex assumptions were required to construct
the model within the limitations of data availability and complexity. These are described in the
following sections.

11.2.1 Cross-Venting

Cross-venting refers to air exchange between the tank ullage and environment even when there is
no change in conditions. The fuel tanks of larger helicopters generally have at least two vent lines
which exit the fuselage on opposite sides, so any pressure difference between the outlets produces
airflow through the tank. Such pressure variations can be caused by wind when the helicopter is
stationary or by the rotor wake during flight. (L. Lollini, personal communication, 26™ April
2019). This phenomenon leads to uncertainty as to the conditions within the ullage space, as it
depends on surrounding air flow and vent system design.

In flight, it could be assumed that helicopters with two vents per tank have a high degree of cross-
flow.

One limitation of this assumption is that it is not known what happens if the helicopter is stored

in an enclosed environment where there are no air currents, although it can be reasoned that in
this situation, fuel temperature variations are lower in magnitude and that therefore the
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assumption is conservative. In the context of the primarily commercial or governmental usage
profiles flown by Airbus helicopters, storage in a hangar indicates longer-term storage (multiple
days), after which the accumulated free water would be drained in any case before the next flight.
Therefore, this assumption is not a limitation in practice.

Alternatively, it is possible to calculate a mass-weighted average temperature and specific
humidity for the ullage contents, based on whether and how much air is entering or leaving the
fuel tank, which is likely to more correctly represent the situation in helicopters with only one
vent per tank (example: H135). This method has the result of significantly reducing the volume
of condensed water as the ullage temperature variations are much smaller in amplitude,
remaining close to the fuel temperature. This is the method employed by AHWAS, because it
would not otherwise be possible to calculate condensation; further details can be found in section
11.3.4.

The effect of neglecting cross-venting is estimated to be small, because increased airflow, while
introducing greater quantities of humidity, also decreases the formation of condensation on the
bladder surface while encouraging re-evaporation.

11.2.2 Constant Parameters

Due to the use of a small time step, several slow-moving parameters can be considered constant
across a single time step, for certain calculations. These are:

Table 8: Constant parameter assumptions

Parameter Constant _than Justification
calculating:
ms Tr fuel quantity changes very slowly compared to At

Ta Tt Ts Ts changes slowly due to thermal inertia of structure
P P AP dissolved water concentration changes slowly

dws Tdws H20 compared to At

Am ingress air quickly reaches same temperature as ullage
SpHua a”" no significant composition change over a small altitude

change

11.2.3 Re-Absorption

Free water accumulated at the bottom of the fuel tank is assumed not to be re-absorbed (a
conservative assumption). This is supported by literature (chapter 2.2); the rate of absorption is
very slow (multiple days) compared to the time step used in the model, so considering this effect
would have a negligible impact on the results.




11.2.4 Condensation

Tiwari’s experiment [60] provides data on the rate of accumulation of condensation under given
thermal and humidity conditions. This includes the finding that the rate of accumulation is
proportional to the dew point spread, which is shown in Figure 38.
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Figure 38: Accumulation of condensate over time on a horizontal substrate, for several different dew point
spreads [60]

Within a fuel tank, the supply of humidity is finite during a small time interval, so the ullage
humidity begins to decrease immediately once condensation begins. Thereafter, the rate of
condensation will slow asymptotically until the dew point of the ullage matches the surface
temperature. It is assumed that this process is sufficiently fast to be considered instantaneous
within one time step.

Taking one example from Tiwari, at 5°C dew point spread the rate of accumulation is
approximately 100 g h™> m. The empty fuel tank of a medium-sized helicopter such as the H135
contains approximately 600 g of air at sea level and has an internal surface area of approximately
5 m?; the initial rate of condensation should therefore be about 500 g h™. With a saturated ullage
at 30°C and a surface temperature of 25°C, the quantity of condensable humidity in the tank is 7 ¢
kg™, equivalent to 4.2 g for the H135. Considering the initial rate of 500 g h™, this gives a
thermal time constant of approximately 30 seconds, comparable to the time step used in the
analysis. Therefore the assumption of instantaneous condensation is justified. Additionally, it is a
conservative assumption.

Perfect mixing can justifiably [9] be assumed in the ullage, a diffusive limit therefore does not
apply to the condensation process.

Due to the unpredictability of droplet formation and coalescence on the tank surfaces, it is not
possible to predict whether or not any condensation formed will run down the tank wall into the
sump, or remain attached and eventually re-evaporate. For this reason, the assumption is made
that all condensation makes its way into the tank sump; the assumption is conservative but the
degree of conservatism can only be guessed from empirical observations and is strongly
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dependent on the surrounding conditions. Oreshenkov [58] claims to have modelled this behavior
but does not provide any details.

11.3 Theory

The physical model consists of four conceptual elements, respectively analyzing:

Thermal effects

Humidity exchange between fuel and air
Airflow into or out of the tank
Condensation

The relationship between these elements is shown in Figure 39 and each element will be
described in the following sections.
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Figure 39: Schematic representation of physical model

Condensation




The two outputs m¢ and my, together give the quantity of free water generated during the time
step, while RHs,, Tr, and RH,, are fed back as the initial values for the following time step.

11.3.1 Thermal Analysis

This subsection serves to determine the initial and final temperatures of the fuel, ullage and
bladder surface, as well as the initial and final solubility of water in fuel. As the time interval
under consideration is small, the fuel quantity and ambient temperature can be considered
constant for the calculation of fuel heating or cooling. Figure 40 gives the subsection’s XDSM.
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Figure 40: Schematic representation of thermal analysis

In the first step, the initial fuel volume is converted to mass, which is calculated based on the
temperature-dependent density. The function linking temperature and fuel density varies slightly
between fuel blends; the coefficients used here are averages given by the CRC [10].




The final fuel temperature is estimated based on equation (10); details of its derivation are given
in chapter 6.1.2. Based on the final fuel temperature, the initial and final values of the bladder
surface temperature T, and ullage temperature T, can be estimated.

A significant but conservative limitation in the accuracy is that the bladder surface temperature
can only be estimated. Rubber has a very low thermal conductivity, so the temperature will vary
strongly across the surface; the average temperature depends on the structure surrounding the
tank. Within the project scope, it is not realistic to investigate this in detail, so a conservative
estimate of bladder temperature is used, by considering it to lie between fuel and ambient
temperature. The surface temperature is expected to follow fuel temperature more closely due to
the previously discussed thermal insulation provided by crash-resistant foam. This approach was
decided upon in discussion with Airbus experts — refer to chapter 13.3.

Lastly, given the initial and final fuel temperatures, the solubility of water in the fuel is calculated
based on the experimental data discussed in chapter 2.1.1. As with the density correlation, the
coefficient and exponent vary between fuel blends; those shown in Figure 40 are average values.

11.3.2 Humidity Exchange

The humidity exchange section performs the calculation of water transfer between humidity in
the ullage air and dissolved water in fuel, based largely on the works of Terada and Merkulov as
discussed in chapter 3.5. This allows the calculation of new humidity (water concentration)
values for both phases, which in turn is required to calculate water precipitation.
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Figure 41: Schematic representation of humidity exchange between fuel and ullage. Red highlight: this
expression represents the theoretical RHy, before precipitation; precipitation occurs if this is greater than 1.

In the first step, the Tetens equation (equation (1)) is used along with some decision logic
(chapter 3.5.2) to determine the vapour pressure difference APy,0 between the fuel and air. This
value is then used with equation (9) to calculate the quantity of water evaporating from or
absorbed by the fuel.

Having calculated the quantity of water evaporated from or absorbed by the fuel, a mass balance
can be constructed to determine the quantity of dissolved water precipitated as liquid droplets. It
IS not necessary to consider the quantity of dissolved water consumed by the engine, as (under the
assumption of a homogenous water-fuel mixture) this does not affect the concentration of water
in the fuel. Therefore, one must only compare the final concentration of dissolved water (taking
into account transfer to or from the ullage) to the final water solubility to determine whether any
precipitation occurs, and if so, how much.

11.3.3 Vent Flow

The vent flow calculation is independent of the humidity exchange between ullage and fuel, but
the change in ullage temperature (from the thermal calculation) is required, as this temperature
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variation partially drives flow through the fuel tank vent(s) by affecting the air density. Much
larger flow rates are achieved when the ambient pressure changes (during climb or descent).
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To calculate the air ingress or egress, the ideal gas law is used. With this law, the final volume of
the initial ullage gas mass under the final conditions can be determined as shown in equation
(12).

Figure 42: Schematic representation of vent flow calculation.

v, = P1Vu1Tu2 1

2" Pl 4
Using a volume balance considering the tank volume V-, final fuel volume Vy,, and the new air
volume V>, the volume of any ingress or egress is calculated, and multiplying by the density
gives the mass of transferred air.

The amount of water vapour that is transferred along with the air depends on the direction of
flow, as the specific humidity within the tank is different from that in the surrounding
atmosphere. Therefore a conditional function (step 3 in Figure 42) is required to determine the
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transferred water vapour mass. With this information, the total mass of water vapour is known
and the final specific humidity SH,, of the ullage can be calculated.

11.3.4 Condensation
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Figure 43: Schematic representation of condensation calculation

As discussed in chapter 3.6, modelling the accumulation of surface condensation in a realistic
way is not trivial. The high diffusivity of the gaseous species indicates that a diffusive limit does
not apply, which is supported by Wetterwald [9], and the process is instead limited thermally.
This is why cross-venting cannot be used as an assumption: cross-venting would introduce an
infinite supply of humidity. As stated during discussion of the thermal analysis (11.3.1), the
bladder surface temperature can only be estimated conservatively and does not change due to
condensation (an exothermic process). This, together with an infinite supply of humidity, would
lead to an infinite quantity of condensed water.

The estimation approach therefore consists of considering the dew point of ullage air to always be
at or below the bladder surface temperature. If the dew point is raised above the surface
temperature by the ingress of humid air, the excess is considered to immediately condense into
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liquid water, and to not re-evaporate. The partial vapour pressure associated with the surface
temperature is written as P,; the decision logic for calculation of condensation is shown in step
two of Figure 43.

11.4 Verification & Limitations

11.4.1 Result similarity with associated model

Table 9 shows a comparison of water accumulation data produced by the AHWAS’ physical
model and the AH step 1 model. The fuel was always considered saturated, initial and final
temperatures 30 and 20°C respectively, fuel tank volume 700 L. AHWAS was run with a single
time step of one second, in order to eliminate the effect of humidity transfer between fuel and air,
which is not considered by the AH model.

Table 9: Result comparison of AHWAS and AH step 1 model

% AHWAS water qty. (ml) AH Step 1 model water qty. (ml) % Diff.

fuel load Precip. Condens.  Total Precip. Condens.  Total (total)
0 0.0 0.0 0.0 0.0 0.0 0.0 0
Ambient 25 2.9 0.0 2.9 3.0 0.0 3.0 -3
RH = 0.5 50 5.9 0.0 5.9 6.0 0.0 6.0 -3
75 8.8 0.0 8.8 9.1 0.0 9.1 -3
100 11.7 0.0 11.7 12.1 0.0 12.1 -3
0 0.0 3.2 3.2 0.0 8.0 8.0 -60
i 25 2.9 2.4 5.3 3.0 6.0 9.0 -41
':':':'ST‘; 50 5.9 1.6 7.5 6.0 4.0 100  -26
75 8.8 0.8 9.6 9.1 2.0 11.1 -13
100 11.7 0.0 11.7 12.1 0.0 12.1 -3

Large differences are noticeable in the case with higher ambient humidity (where saturation
occurs). This is due to the fact that the two models use significantly differing equations to
calculate the partial vapour pressure of water. Equations (12) and (13) respectively show the
formula used in the AH step 1 model and in the physical model (the latter is the Tetens equation).

Pyy = (7'625T +2 7877)

wo = EXP oy T~ (12)
P, = 610.78 X ( 17.277 )

wo = DLUIS X XD \53T 3 T (13

The source of equation (12) is not clear, but the calculated vapour pressure differs by up to a
factor of 6; while the difference is partially negated when calculating specific humidity (the value
of interest when determining condensation, equation (2)), evidently significant variations of up to
60% are still possible.




A further observation from Table 9 is that when the transfer of humidity between fuel and ullage
is neglected, the quantity of water precipitated from the fuel is independent of ambient and ullage
humidity, which corresponds to empirical expectations.

11.4.2 Limitations

The physical model depends on the fuel thermal constant K¢, which is calculated from
experimental data and is specific to each helicopter type. In order to calculate it numerically,
knowledge of the helicopter’s structure surrounding the fuel tanks would be required as an input
to a finite-element thermal simulation, which is outside of the scope of the present project.

The impact of scaling on the accuracy of the model is not known; any change to the inputs which
affect the assumptions listed in section 11.2 could potentially invalidate them. One example of
this would be a significantly larger fuel tank, which increases the bladder surface area and
decreases the justifiability of considering the entire bladder surface to have the same temperature.

However, the fuel’s volume to surface area ratio is accounted for in the model; this parameter
affects the rate of change of fuel relative humidity in the presence of an ullage volume with a
different humidity (mass transfer rate is proportional to surface area, while rate of change of RH
is proportional to fuel quantity).

Therefore it is proposed that the model is sufficiently flexible to be applied to all light and
medium helicopters, for which the data required to determine K is available.

As already discussed in section 11.2, the model does not consider the re-evaporation of
condensation or the re-absorption of free water into the fuel; both are conservative assumptions,
meaning that making these assumptions leads to an over-estimation of the quantity of water
found in the tank. Until laboratory experiments have been conducted to determine the rate at
which these two processes take place, the assumptions cannot be relaxed.




12

Temporal Model

The purpose of the temporal model is to iteratively control the physical model. Given mission
profile, climate and fuel system parameters, the temporal model will run the physical model as a
time-step iterative analysis to determine the water accumulation over the given time span.

12.1 Theory

Aside from controlling the physical model, the temporal model performs initialization of the
required inputs based on the information supplied by the user; a logic diagram is shown in Figure
44,

The given mission profile (provided as a table of altitude over time) and climate (chosen from 4
STANAG 2895 climate categories) are manipulated through interpolation into a table giving the
altitude, sea-level temperature and sea-level relative humidity for each iteration. Further
calculations are then performed to expand this table with the ambient temperature, pressure and
relative humidity at the respective altitude for each iteration. Additionally, the initial and final
fuel volumes are determined based on the provided fuel consumption information.

Along with several constant parameters, this information is then passed to the physical model,
which provides as outputs the quantity of free water produced during the iteration, as well as the
final values of fuel and ullage temperature and relative humidity (degree of saturation). The water
quantity is recorded and cumulated to provide the total water quantity after the last iteration,
while the fuel and ullage state variables are fed into the next iteration as the initial values.
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Figure 44: Schematic representation of the temporal model

12.1.1 Initialization

The “initialization” section performs several operations to convert the user inputs into the
required format. A table (matrix “alt”) is generated with one row for each time step; the inputs
are used to generate the time, altitude, base (sea level) temperature, ambient temperature, ambient
pressure, base RH, and ambient RH for each time step.

An example of the matrix as provided to the iteration controller is given in Table 10 — this
example corresponds to a time step 4¢ of 60 s.

Table 10: Example of MATLAB® matrix “alt”. The final column, giving the ambient humidity at the given
altitude, is shown here for completeness but is actually calculated by the following section “humidity profile”.

Time (s) h (ft) Tp (K) Ta (K) P (Pa) RHs () RHa (-)
0 0 300.15 300.15 101325 0.94 0.94
60 0 300.15 300.15 101325 0.94 0.94
120 500 300.15 299.15 99500 0.94 0.95

The first column is filled simply using a linear series from 0 to the length of the supplied mission
profile with a spacing corresponding to the time step length. Then, the mission profile is
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interpolated to give the altitude at each time step. The base temperature is interpolated using the
time and the STANAG 2895 climate series selected by the user, and the ambient temperature is
simply determined using the ISA temperature lapse rate of 0.0065 K m™ or 0.002 K ft™*. Also
using the ISA relationship, the ambient pressure is determined based on the current altitude. The
base relative humidity once again is interpolated from the STANAG 2895 profile. Finally, the
ambient relative humidity at the current altitude is calculated; this is a rather complex calculation
warranting its own section.

12.1.2 Humidity profile

The ambient relative humidity is calculated based on the method presented by Parameswaran et
al. [22], discussed in chapter 3.4. In order to calculate the humidity, the four coefficients C, hy, Hy
and H; are needed. The sea-level vapour mixing ratio C can be easily calculated from the
temperature and relative humidity given by the NATO climate categories.

The remaining coefficients are “characteristics of the local area” [23] as well as varying to some
degree during the course of a day; for the purpose of this study, they have been generalized such
that each NATO climate category is assigned one set of best-fit coefficients that are considered
constant over the entire day due to the limited data available. These coefficients were chosen so
that the vertical humidity profile calculated by the Parameswaran equation matches the data
presented in the appendix. Table 11 provides an overview of the selected parameter values.

Table 11: Overview of the humidity profile parameters selected for the four climate categories considered by
the model. CO parameters are selected to maintain 100% relative humidity at all times as suggested by NATO;
absolute humidity is very low due to the low temperatures so no significant condensation occurs. hy =
transition altitude, H; = humidity gradient below hg, H, = humidity gradient above h,.

Climate A3 B2 M2 Co0
i Papua New
Location Germany Japan (guinea Japan
Time of year September September -- December
Time of day midday midnight midday evening
Base temp. (°C) 20 30 31 -18
ho (km) 1.1 2.0 0.6 1.0
H; (km™) 10.0 35 6.0 1.9
H, (km™) 1.0 1.5 2.05 1.7

Figure 45 shows, for each climate, the humidity data found in literature compared with the
selected humidity profile used in the model. When a compromise was necessary, preference was
given to an accurate representation of the humidity at low altitudes, where helicopters perform
the majority of their missions.
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Figure 45: Vertical humidity profiles for climates A3, B2, M2, and CO. Measured or simulation data shown in
red, AHWAS inputs in blue. Relative humidity is capped at 100% in AHWAS.

Climate CO (mild cold) is a special case. The measured data does not conform to the
Parameswaran profile at all, and furthermore, appears to contradict STANAG 2895 which states
that sea-level relative humidity is 100% at all times in climate CO. In practice the impact of this
difference is very small, as the absolute humidity air can carry at the temperatures (ranging from -
19 to -6°C) does not lead to significant water accumulation, a fact which is supported by
empirical observations that no water accumulation occurs in winter. Therefore, coefficients were
chosen that lead MATLAB® to provide (close to) 100% relative humidity at all altitudes in
climate CO. RH is capped at 100% in the model, so no supersaturation is considered (which is
theoretically possible in the absence of condensation nuclei, but practically unlikely in the earth’s
atmosphere).

As previously mentioned, the sea-level vapour mixing ratio, C, is directly dependent on the
relative humidity and temperature. Therefore, this value is calculated individually for each time
step. As the sea-level temperature and humidity change over the course of a day (as per
STANAG 2895), C therefore also varies, resulting in different vertical humidity profiles during
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the day, even though the remaining coefficients of the Parameswaran equation have not been
changed. This is shown in Figure 46.
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Figure 46: Vertical humidity profiles for each of the four climates. Profiles differ throughout the day as sea-
level relative humidity changes, which changes the value of C in the Parameswaran equation. Note the
creation of a saturation region around the transition altitude in climate A3, even though the ground humidity
never reaches saturation. A flight through this region will encounter condensation even though relative

humidity is moderate at sea level.

Best accuracy (especially above the transition altitude) would be achieved if different gradients
were used depending on time of day, however as previously discussed, this is limited by the
availability of data. Additionally, accuracy of the humidity profile increases close to the ground,
which is where most helicopter missions take place.




12.2 Assumptions
12.2.1 Fuel consumption

The main helicopter model of study is the H135; performance data is readily available for this
type. At maximum gross weight, the fuel consumption is approximately 290 | h™ at maximum
cruise speed and 260 | h™ at the slightly lower economical cruise speed [61]. High-speed cruise
corresponds to the maximum continuous power setting of the engines, which is also used during
climb; therefore the model considers the climb and cruise fuel consumption figures as 290 and
260 | h™ respectively.

During descent the fuel consumption rate depends strongly on the rate of descent so it is not
possible to make a generalized statement of fuel consumption. However, descent phases are very
short due to the fact that rate of descent is greater than rate of climb; an assumption that fuel
consumption in descent equals approximately half of cruise (130 | h™) is therefore employed in
the model. The contribution of fuel consumption to water accumulation is insignificant during
descent, because a very large rate of air ingress is caused by the increasing ambient pressure, in
excess of 2000 | h™. The change in fuel volume also does not significantly impact water
accumulation as the change is very small during the short descent phase, regardless of fuel
consumption rate.

12.2.2 Climb and descent

The maximum rate of climb of the H135 at sea level and maximum gross weight is 1500 ft min™
(7.6 m s™*) [61]. Climb performance decreases with altitude due to decreasing air density, so that
at approximately 16000 ft (4900 m), the achievable rate of climb is only 200 ft min™ (1.0 m s™).

The maximum possible rate of descent is greater than the maximum rate of climb; this phase of
flight is (in unpressurised aircraft) limited by physiological as well as technical factors. However,
operational reasons appear to limit the descent rate much more strongly: the data in chapter 6.2
show a typical rate of climb of around 1000 ft min™ (5.1 m s™) and descent rates below 500 ft
min™ (2.5 m s™). These two values are therefore selected as the baseline climb and descent rates.

12.2.3 Refueling

Refueling processes are modelled very simply: it is considered that the helicopter is refueled
immediately upon landing, and thus its fuel tanks are always filled to 95% when it is on the
ground. The 5% ullage space accounts for the presence of a legally mandated expansion space of
2%, among other factors.

The actual refueling behavior will depend strongly on the type of operation; for applications
where immediate response at short notice is necessary (air ambulance, law enforcement) it stands
to reason that the helicopter is stored with sufficient fuel on board to perform a mission without
first requiring refueling.




12.3 Limitations

The vertical humidity profiles employed by the model rapidly deteriorate in accuracy with
altitude; having been chosen such that the result is conservative (higher assumed humidity than
realistic), this leads to an overestimation of water production.

Another limitation results from the fact that the state variables must be initialized, including the
initial fuel temperature and relative humidity. Due to the absence of better options, these two
parameters are set equal to the initial ambient condition. However, results of simulating one day
show that the final values are significantly discontinuous to the initial values; in all observed
cases, the result remains conservative as the assumed initial relative humidity was higher than the
final relative humidity, leading to a higher water accumulation figure than in reality.

When refueling, there is currently no provision to specify the relative humidity or temperature of
the fuel being added; it is just assumed that the humidity is the same as that of the fuel already
present inside the fuel tank. This is considered a reasonable assumption, as the fuel stored at the
airfield should encounter similar conditions as the fuel remaining inside the helicopter, but it does
not account for the possibility that the fresh fuel is saturated with water due to the presence of
significant free water at the bottom of the storage tank.

Finally, it is currently only possible to simulate the four specified climate types. This is due to the
necessity of one measured vertical humidity profile to calibrate the Parameswaran function; if a
different climate is to be simulated, hourly sea level temperature and humidity data must be
provided as well as a measured vertical humidity profile.




13

Validation

Due to the absence of physical, measured data to validate the entire model on a system level,
alternative validation methods are required. Sargent [62] provides an overview of the possibilities
for verifying and validating a computational model. Verification refers to “ensuring that the ...
computerized model and its implementation are correct”, while validation addresses the question
of whether the model correctly and accurately represents the real system. To achieve these two
aims, Sargent lists 15 possible techniques.

The object of study is effectively a non-observable system, as it is not possible within the project
scope to perform experiments and collect data from real helicopter fuel tanks; only limited partial
data is available from past measurements. Therefore many of the techniques can be applied only

in a qualitative context. Considering this constraint, methods to be considered are:

e Animation (graphical representation of input/output relationships, checked against
expectations)

e Similarity to other models

e Degeneracy tests (checking whether internal parameters exhibit the expected relationship
to inputs)

e Event validity (qualitatively replicating the conditions of known events to ensure that a
plausibly correct outcome is produced)

e Face validity (static check of model logic by persons knowledgeable about the real
system)

e Internal validity (check of result stability/consistency under repeated calculations)

e Sensitivity analysis (do outputs vary with the expected magnitude and direction when
inputs are varied?)

Validation is an iterative process. Animation, degeneracy tests, event validity and face validity

checks are an integral part of the evolutionary development process; the examples presented in
this chapter represent only a small sample of all the checks performed.

13.1 Similarity

In this section, the modelling method will be compared to the data produced by Wetterwald’s
model. Knowing the assumptions taken by Wetterwald (chapters 8.3 and 11.2), it is possible to
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apply the same assumptions to AHWAS to ensure the two models produce the same results. This
is described in the following section.

13.1.1 Recreating Wetterwald’s data

Wetterwald provides data from a simulation of a Boeing 747 center wing tank while neglecting
the effects of the inerting system. This case is similar in concept to the situation on helicopters, so
confidence in AHWAS can be increased by recreating the circumstances to observe similarity.

To recreate Wetterwald’s experiment, AHWAS was run with the mission profile specified (a
trilinear altitude and fuel temperature profile, shown in Figure 47). The fuel thermal model was
deactivated and replaced by a table of fuel temperature against time for each time step. The time
step was set at one second to match the simulation parameters.
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Figure 47: Wetterwald model mission profile [9]

In order to match assumptions, the exchange of humidity between fuel and ullage was disabled
for this comparison. Wetterwald uses the altitude-dependent humidity profile proposed by
Parameswaran (chapter 3.4); the same parameter values were used to recreate the results.

Wetterwald provides water accumulation over time for a Boeing 747 center wing tank (CWT) of
52.5 m®; although this is far from representative of a helicopter fuel tank, the data can be used to
evaluate AHWAS. This is shown in Figure 48; the results using the above temperature profile are
shown in red.
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Figure 48: Boeing 747 CWT water accumulation from Wetterwald and AHWAS

The final results agree very closely and exhibit a very similar profile. Nevertheless, Wetterwald’s
model shows a more rapid precipitation process during climb, where there is a faster fuel cooling
rate. As the results agree very well in the latter half of the time span, it may be that the fuel
temperature profile given by Wetterwald as an example (Figure 47) is not the same as that used to
produce the results. Changing the fuel temperature at top of climb from 25 to 20°C (while
keeping the initial and final temperatures the same) results in a near-perfect agreement between
the two datasets, as should be expected given the replication of input parameters (shown in

green).
Table 12: Comparison of temporal model results with Wetterwald results
Fuel tank % fuel load  Wetterwald () AHWAS (I) %o difference

0 0.04 0.05 32

25 0.10 0.11 12

A0 T 50 0.16 0.17 8
' 75 0.22 0.23 4

95 0.27 0.27 -2

0 0.25 0.35 39

25 0.64 0.73 15

e 50 1.06 113 7
' 75 1.47 1.54 4

95 1.80 1.86 3

Comparing the results produced by the temporal model to those given by Wetterwald (Table 12,
Figure 49), the results converge when the tank is full. This points to the temporal model
producing a higher value for condensation, which is consistent with the differing assumptions
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between the two, specifically that Wetterwald does not account for surface condensation, which
as he states, leads to an underestimation of total condensation quantity. Both models used fuel
solubility and density curves given by the 1983 edition of the CRC handbook (which differs from
the current edition), so that only condensation can possibly be responsible for the discrepancy.
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Figure 49: Comparison of AHWAS results with Wetterwald

In summary, the two models produce very similar final results, regardless of the intermediate fuel
temperature, as shown in Figure 49, so the similarity check is considered passed.

13.1.2 Scaling Effects

The Boeing 747 fuel tank considered by Wetterwald is two orders of magnitude larger than the
tanks of small helicopters, raising the question of whether scaling effects limit the relevance of
this validation. Particularly the very different ratios of surface area to volume (of both ullage and
fuel) can be expected to lead to significant non-linearities.

However, under the specific modelling assumptions employed by Wetterwald, this is not the
case. The assumptions of perfect mixing in both fuel and ullage phases, as well as the usage of a
fixed temperature profile instead of a calculation relying on heat transfer and fuel mass, lead to a
calculation output that is independent of scale, even though the real system most likely does
display scaling effects.

As an example, multiplying the fuel tank volume and fuel volume of the B747 by 0.5 yields
0.6033 | of water accumulated (compared to 1.2067 | for the standard configuration), or exactly
half. As previously discussed, the outcome is not dependent on the fuel surface area in a
statistically relevant magnitude. Finally, the fact that the fuel temperature pathway between the
initial and final temperatures (Figure 48) does not affect the final outcome further indicates
model linearity.
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13.2 Degeneracy

Degeneracy checks consist of examining the relationship between inputs or outputs and key
internal parameters (state variables) used in the analysis, to determine whether their relationship
conforms to expectations based on logical reasoning and empirical observation. Degeneracy
checks are the primary method employed during the development of this analysis when checking
for the presence of errors and locating their source. Selected examples are presented below.

13.2.1 Surface Condensation

As discussed in chapter 11, surface condensation is estimated based on the relationship between
the ullage dew point and the bladder surface temperature. Any dew point has an associated
saturation vapour pressure; therefore, if the actual vapour pressure in the ullage exceeds the
saturation vapour pressure associated with the bladder surface temperature, condensation will

occur on the surface.

Figure 50 shows the volume of condensation (left) and the vapour pressures in the ullage (right)
over the course of three days in climate B2 (hot and humid).
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Figure 50: Degeneracy check of condensation accumulation and vapour pressures

Comparison of the two graphs shows that each time the ullage vapour pressure meets the surface
dew point vapour pressure, condensation occurs (the quantity of water increases). Additionally,
knowing that the three day sample interval begins and ends at midnight, it can be concluded that
condensation occurs exclusively in the early hours of the morning, corresponding to empirical

observations of dew on cold surfaces outdoors after a cool night.




13.2.2 Fuel-Ullage Humidity Exchange

During model development, a degeneracy check of the relative humidities of the fuel and ullage
compared to the water mass transfer between the two phases (evaporation / hygroscopic
absorption) was conducted multiple times to ensure correct directionality. A negative mass
transfer indicates evaporation while a positive figure indicates absorption.
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Figure 51: Comparison of fuel and ullage relative humidity (left) and interphase humidity exchange (right)

In Figure 51, it can be seen that the rate of water transfer between fuel and the ullage is correlated
to the difference in relative humidity (only if both phases are at equal temperature, which they
were during this test). Furthermore, the correct directionality is confirmed, as the transfer of
water is negative at times between 09:00 and 15:00 each day, during which interval the relative
humidity of the ullage is lower, causing the more humid fuel to release moisture to the air.

13.3 Face validity

Face validity involves presenting and discussing the model (focusing on the logic and
assumptions) to persons knowledgeable about the real system and/or subject matter [62]. Apart
from the project supervisors, Vincent Pommeé (the Airbus Helicopters expert for environmental
control systems) was consulted.

The definition of bladder surface and ullage temperatures was raised as a source of significant
uncertainty. Both Ts and T, must lie between the ambient and fuel temperature, and are
interpolated during each time step. A sensitivity analysis was conducted to determine the effect of
these temperatures on the calculated water quantity, the results of which are shown in Table 13.
Each was assigned one of 5 interpolation locations, leading to 25 simulations in total, of one day
each (the mission profile and other conditions are discussed in section 13.4.1).




Table 13: Calculated water accumulation (ml), depending on definition of bladder surface temperature T, and

ullage temperature T,

Ts
T, 25% 50% 75% Ty
Ta 1.02 1.02 1.02 1.02 211
25% 2.58 0.60 0.60 0.70 2.10
Ty 50% 3.55 2.05 0.19 0.70 211
75% 3.87 2.63 1.75 1.04 2.39
Ty 4.97 411 3.24 2.51 2.50

The results in Table 13 indicate that the case when T, = Tfand Ts = T, is the most conservative
(the largest quantity of water is calculated). This was confirmed for other mission profiles and
climates using a statistical analysis with a random mission profile generator. One example of this
analysis (random missions, climate M2) is shown in Figure 52; the four colours correspond to the
four corners of Table 13. The analysis showed that T, = Tfand Ts = T, is the most conservative
case for any mission altitude and duration.
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Figure 52: Results of a statistical analysis, showing that T, = T, and T, = T generate the largest water
quantities independent of mission profile (the mission durations and time of day were also random).

The advantage of using the most conservative case possible, even if this combination of
temperatures is physically impossible, is certainty: the actual water quantity accumulating in the
fuel tank must be below the calculated value.

However, in discussion it was concluded that an acceptable balance between conservatism and
certainty would be achieved by considering the ullage to be at fuel temperature, while the bladder
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surface should also be close to fuel and ullage temperature rather than ambient; its entire interior
surface is in contact with air or fuel at Ty, and the bladder’s exterior is well insulated from the

ambient conditions. It was decided to consider T as 75% Trand 25% T,, or Ty = Frtla ag

discussed in chapter 11.2.1, cross-venting is not considered, which is why the ullage temperature
is considered to so closely follow fuel temperature.

The remainder of the logic was accepted as reasonable, and the assumptions correct and
conservative where necessary. Uncertainties are covered by a sufficient level of conservatism to
produce a high de%ree of confidence in the conservatism of the final result (V. Pommé, personal
communication, 4" September 2019).

13.4 Sensitivity analysis

Sensitivity analysis refers to checking a model or simulation by varying its inputs and observing
whether the outputs change in the expected way; this can occur quantitatively, qualitatively or
both. It is not just physical inputs (such as the ambient temperature) that can or should be
investigated; model-internal parameters such as the time step also influence precision and
accuracy.

Input parameters will be varied one by one except where multiple parameters are known to be
linked. The time step is an example of an independent input, while the tank volume, cross-
sectional area and thermal constant are particular to a certain helicopter design and thus are
linked. Specifically, the model will be analysed on its sensitivity to:

Time step

Mission profile (altitude, time of day)
Refuelling behaviour

Climate

Fuel blend

13.4.1 Baseline configuration

Table 14 gives the baseline parameter values. In the following sections, when the model’s
sensitivity to one parameter is being investigated, the remaining parameters will be kept constant
and corresponding to the values presented here.




Table 14: Model input parameter values in the baseline configuration.

Parameter Value Explanation
mission profile one 2-hour flight per day. Figure 53.
time step (S) 1.0
fuel thermal constant K¢ (kJ K™*s™) 0.035
tank volume (1) 701 Linked to
fuel surface area (m? 2.43 helicopter
fuel consumption (Ih™), 0/290/260/130 model: H135
ground/climb/cruise/descent
refuelling
refuelling tanks always 95% filled on ground ~ immediately on
landing
climate M2
fuel water solubility curve Jet A-1: CRC average
5000 ‘Mission‘ Profile‘ 5000 Missior, Profile
g 3000 @ 3000 [
% 2000 % 2000 -
0 . . - : . . 0
0 3 6 9 12 15 18 21 24 9 10 11
Time (h) Time (h)

Figure 53: Baseline mission profile including one flight per day (left) and detail view (right). The flight takes
off at 09:00, cruises for 01:45 at 5000 ft (1500 m), and lands at 11:00 for a total flight time of two hours. Climb
and descent rates are 1000 and 500 ft min™ (2.5 m s™) respectively.

13.4.2 Sensitivity to time step

The model was run in the baseline configuration with several time step lengths.

Table 15: Sensitivity analysis results for differing time step

time step (S) 0.2 1 10 60 240 300
time to simulate one day 2494 83 59 35 28 29
(s) ' ' ' '
relative simulation speed 35 1041 14580 24372 30758 29886
ge”erate(dnflgee Watel 55470 25435  2.5046  2.2885 14521  1.1902
% difference in result 0 -0.1 -1.7 -10.1 -43.0 -53.3
%4



Table 15 shows that the analysis is able to tolerate time steps of up to one minute while (almost)
staying within an accuracy band of 10%, and that the result converges towards smaller time steps.
Depending on the required accuracy, a time step between 1 and 10 seconds is likely to provide
the best balance of fidelity and speed. Missions with rapid changes in conditions (e.g. large rate
of descent) require smaller time steps to provide appropriate fidelity; the user should keep this in
mind and if in doubt, choose a smaller time step.

With larger time steps, the result accuracy decreases until the interval reaches 4 minutes (240
seconds); at this point the analysis begins to show unstable behaviour so the result should not be
trusted (this is discussed further below).

Figure 54 shows that a large proportion of the accumulated water forms during descent (refer to
Figure 53). In this situation, warm low-altitude air meets cool fuel, causing surface condensation.
As the descent phase is very short (10 minutes), it is natural that a larger time step leads to this
important contributor to water accumulation being inaccurately modelled.
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Figure 54: Water accumulation using a time step of 60 (left) and 240 seconds (right)

Taking a closer look at water accumulation during descent in Figure 55, the cause of this
disparity becomes clear:




Sensitivity of free water quantity to time step
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Figure 55: Closeup of free water accumulation during descent phase, with different time step lengths. The
descent begins at 10:50:00 and ends at 11:00:00.

The first time step of the descent phase, regardless of the time step length, does not produce any
free water. This is because the ambient conditions are considered constant within each iteration.
The longer the time step, the more of the descent phase is neglected due to the lack of fidelity;
this limitation is inherent to the time step discretization approach used to model a continuous
process. In practice, this does not pose a significant problem as the model can easily employ
much shorter time steps which reduce the impact on the final result to well within the acceptable
range.

The limit of stability appears to lie around 240 seconds: the ullage humidity begins to oscillate.
This is illustrated in Figure 56.
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Figure 56: Fuel and ullage relative humidity in the baseline configuration with time steps of 240 (left) and 300
seconds (right).




This oscillation is once again inherent to the time step approach. The rate of water mass transfer
between the fuel and ullage is calculated once during each time step and assumed to be a constant
rate during the entire step, which is an acceptable assumption only when the time step is small. If
the interval is too large, the transferred water quantity has the effect of reversing the vapour
pressure gradient at each iteration; an oscillation is produced which may or may not subside
depending on the time step length. The dependence of water quantity on the time step is therefore
an artefact of the simulation rather than a physical phenomenon. This can be seen in Figure 57.
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Figure 57: Water vapour pressure over time with a time step of 60 (left) and 300 seconds (right). Ullage water

vapour pressure begins to oscillate about the fuel water vapour pressure.

If an even longer time step is used, the instability worsens; using a time step of 10 minutes (600
seconds), the oscillations reach a magnitude such that the calculated ullage relative humidity
becomes negative.

13.4.3 Sensitivity to mission profile

There are endless possibilities for the mission profile: factors include takeoff time, flight
duration, cruise altitude, rate of climb and descent, and the number of flights in a given period of
time. The purpose of the sensitivity analysis is to ensure the correct functioning of the model, so
only a small selection of those parameters needs to be investigated.

Firstly, the effect of only reducing the cruise altitude will be investigated, keeping all other
aspects the same. This simulates a situation where on two different days, the same route is flown
at different altitudes due to weather or traffic reasons. As the ambient humidity and temperature
are dependent on altitude, this should accordingly impact water accumulation. Specifically, the
cruise altitude will be reduced from 5000 ft (1500 m) to 2000 ft (600 m), which corresponds to
the transition altitude in climate M2. In practice, this might be necessary to remain below the
cloud ceiling (which would be expected in the region of maximum humidity).

Secondly, the takeoff time will be changed. Once again, the ambient humidity and temperature
depend on the time of day, so accordingly a change in the generated water quantity is expected.
Ambient humidity is highest early in the morning, so the baseline takeoff time of 09:00 will be
moved forward to 04:00.




Table 16: Water accumulation - sensitivity to cruise altitude and time of day

Case Baseline Decreased altitude Earlier start
Generated free water (ml) 2.5435 4.5053 5.5069

In both cases, the accumulated quantity of free water increased over the baseline, as expected due
to the higher ambient humidity. This higher ambient humidity increases the mass of water vapour
contained in the ullage, and thus increases the quantity of condensation that is released when the
ullage reaches saturation.

In the case of an earlier takeoff time, the ullage spends much less time in a saturation condition;
however, the bladder surface (which is still much cooler, having not yet warmed up after the cool
night) causes local saturation near the surface and thus condensation. Figure 58 shows the relative
humidity profiles of both cases.
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Figure 58: Fuel, sea level (surface), ambient and ullage relative humidity for the lower-altitude case (left) and
the earlier takeoff time case (right). The latter produces approximately double the baseline free water
guantity, despite less time spent in saturation conditions, due to surface condensation and increased ambient
humidity during flight.

Comparing Figure 58 to the baseline data given in Figure 59, the higher ambient humidity effects
of both modified cases can be clearly seen; a lower cruise altitude increases ambient humidity by
moving the flight into the transition altitude, while an earlier takeoff time moves the flight into a

more humid part of the day.

13.4.4 Sensitivity to climate

Table 17 gives the quantities of free water generated using the baseline configuration in the four
different climates considered. As expected, the two warm, humid climates B2 and M2 produced
by far the most water, while those climates found in continental Europe produced little to none.

Table 17: Water accumulation - sensitivity to climate type

Climate A3 B2 M2 CO0
generated free water (ml) 0.0000 7.0251 2.5435 0.6308
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Figure 59 gives the relative humidity profiles for climates B2 and M2:
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Figure 59: Fuel, sea level (surface), ambient and ullage relative humidity profiles in climates B2 (left) and M2
(baseling, right). B2 shows a much higher average ambient humidity and longer duration spent in saturation
conditions.

Climate B2 shows a much higher average ambient humidity than M2, and is the only climate in
which the fuel itself reaches saturation, allowing for the generation of free water by precipitation
from the fuel. However it is possible that this effect will not occur on subsequent days (at least
not when the fuel mass is large), as the fuel and ullage relative humidity at the end of the day is
discontinuous from the values at the beginning (this applies to both climates); the fuel may not
reach saturation the following day. However, the ullage will still reach saturation during flight
and therefore some condensation will always be produced in these two climates.

The impact of the vertical humidity profile as discussed in section 12.1.2 is displayed in Figure
59: during flight (from 09:00 to 11:00), in climate B2 the ambient humidity is higher than at sea
level, while in climate M2 the flight merely passes through a region of high humidity during
climb and descent. This is because the latter climate possesses a lower transition altitude (which
is the region of highest humidity), so that the flight takes place above transition altitude where
humidity is once again lower (Figure 46).

13.4.5 Sensitivity to refuelling behaviour

The baseline refuelling behaviour considered is that the fuel quantity is set equal to 95% of the
tank volume at all times when the helicopter is on the ground. However, depending on the
application, several different behaviours could be considered, among them:

e Full refuelling immediately before the flight

e Filling only to the required level for the next flight

e Flying multiple short missions, refuelling at the end of the day or as needed between
missions

e Keeping the tanks partially filled in anticipation of a sudden short-range, high-payload
mission (emergency response role)




The refuelling behaviour affects the quantity of fuel in the fuel tanks when the helicopter is
parked, and the accumulation of free water while the helicopter is on the ground is dependent on
the quantity of fuel within the tanks.

When the helicopter does not fly at all, free water can still be generated under specific conditions.
In order for free water to be generated by precipitation from the fuel, the fuel must reach
saturation. As the only source of fuel hydration is the ullage (the conditions of which are linked
to the ambient conditions), the likelihood of precipitated free water increases with the average
daily ambient humidity and the length of time the ambient air is saturated. Additionally, the less
fuel exists within the tank, the faster its relative humidity will follow the ullage conditions,
meaning that a partially-filled tank has a much higher probability of forming precipitated water
than a completely full tank. A smaller fuel mass will also change temperature more quickly,
increasing the probability that saturation will be reached by sudden cooling.

In the model, the bladder surface temperature is considered to lie between the ambient and fuel
temperatures; the daily temperature range of the bladder surface is therefore greater than that of
the fuel. This means that (as far as the model is concerned), condensation will more readily occur
than precipitation in edge cases such as when the helicopter does not fly at all. An example of
such a situation is shown in Figure 60.
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Figure 60: Water accumulation and relative humidities in climate B2 over three days with no flights, and the
tank filled 15% with fuel.

In climates B2 and M2, free water can be produced continuously when the tank is mostly empty
of fuel, such as might be the case if the helicopter is not refuelled after a flight. This continuous
phenomenon does not occur in the other climates tested, or if the tank is filled above 50%.

In summary, the factors increasing the probability of free water accumulation on the ground are:

High average ambient humidity
Long duration of ambient saturation
Large daily temperature range

Low fuel quantity

These results suggest that the accumulation of free water in a helicopter fuel tank while the
helicopter is parked or stored can be effectively prevented by storing it with nearly full tanks.
This also represents event validity, as this technique is practiced in the automotive world when
vehicles are to be stored for extended periods of time.
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13.4.6 Sensitivity to fuel blend

As discussed in chapter 2.1, the exact composition of the fuel blend in use affects the ability of
water to dissolve in the fuel. The absolute value of how much water can be dissolved in a fuel
blend at a particular temperature is not relevant, as dissolved water in itself is harmless. The
parameter of interest is the sensitivity of water solubility to temperature, or “what quantity of free
water is released when the fuel is cooled from temperature X to temperature Y?”. This is often
(see chapter 2.1) but not always linked to the absolute value of water solubility.

In this sensitivity analysis, three water solubility curves will be considered: the CRC average for
Jet A/A-1, and experimental curves for Coryton high aromatics and Sasol. Importantly,
experimental results indicate that Sasol has a lower water solubility across most of the
temperature range, but crosses the CRC average curve at 25°C, so that it exhibits a slightly higher
solubility than the CRC average at all times in climates M2, B2 and A3. The three solubility
curves are shown in Figure 61:

Water Solubility by Aromatic Content

Water Solubility (ppmm)

Temperature (°C)

=@=S5as0l (12%) ==<4=High Aromatics (24%) ==¥=CRC

Figure 61: Three solubility curves considered for determining the sensitivity of water accumulation to
solubility curve. Extract from Figure 4.

Table 18 shows the results of changing the water solubility curve used by the model.

Table 18: Comparison of generated free water quantities using the CRC average water solubility curve, and
the experimentally-determined curves for a high-aromatic (high water solubility) and low-aromatic (low
solubility) blends.

Generated water quantity (ml) by solubility curve

Condition

CRC avg. High Aromatics Sasol
Baseline 2.5435 2.7281 2.7884
3-day ground storage in B2, 15% fuel 1.6700 1.8695 1.8286
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Both the high aromatics (24% aromatic content) and Sasol (12%) curves increased the water
accumulation in similar magnitude over the CRC average. As both alternative curves exhibit
higher solubility at the 26-35°C temperatures encountered (Figure 4), it is expected that both
increase water accumulation. However, the results of the high aromatics and Sasol blends lie
unexpectedly close together.

The solubility curves for both of these fuel blends were determined experimentally and therefore
have an uncertainty band associated with them. Although the data given here cannot prove the
relationship between aromatic content and water solubility (other research has already proven
this), it does strongly support the hypothesis that higher water solubility leads to more water
accumulating in the fuel tank.

13.5 Summary of Validation

Section 13.1 found that the results produced by AHWAS correspond well with those presented by
Wetterwald. This not only increases confidence in the reliability of AHWAS but also shows that
it is not limited to only simulating helicopters, Wetterwald having chosen the fuel tank of a
Boeing 747 to simulate.

Degeneracy checks (chapter 13.2) showed correct and reasonable relationships between internal
parameters within the model, as such proving that the physical first principles which form the
basis of the model are correctly interpreted and implemented; additionally, the degeneracy checks
give the opportunity to compare predicted situations with empirical observations and to thus gain
an element of event validity.

This was furthered by consulting with an expert on these physical principles for face validity
(chapter 13.3), to whom the logic and assumptions employed by AHWAS were presented and
explained. The suggested improvements were taken into account and the logic was approved.

Finally, the sensitivity analysis (chapter 13.4) showed the model behaving as expected in all
cases, or in other words, the way in which the model reacted to the differing inputs was in
accordance with the underpinning physical processes.

On the basis of the above, AHWAS is considered validated within the scope of the research
project. Despite extensive effort in investigating the model’s performance, no indication of any
incorrect behaviour or error was found. Having passed this milestone, the model is used to
simulate real missions and estimate the quantity of water produced; this is described in the
following chapter.
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14

Results, Conclusions and
Recommendations

14.1 Results

Given the nearly infinite possible combinations of helicopter type, mission and climate, it is
impossible to provide a comprehensive set of results here. Instead, this section is intended to give
an overview of what range of water quantities should be expected, and in what relation these
stand to safety margins.

A summary of the findings generated by the sensitivity analysis is useful in order to decide which
types of helicopter flights are the most critical in terms of water accumulation. This then informs
the cases to be studied in the following section and leads to the conclusion of whether or not the
water quantities encountered warrant an extension of the drainage interval.

In chapter 13.4.3 (sensitivity to mission profile) it was found that any change in the mission
profile that leads to the helicopter spending more time in highly humid air masses increases the
water accumulation — specifically, low altitude flights, in humid climates, during humid times of
the day. All climates display periods of high humidity in the early morning, so this is the time of
day in which the greatest risk of water accumulation exists.

Section 13.4.5 (sensitivity to refuelling behaviour) concluded that a low fuel quantity in the tank
is conducive to water accumulation, so the most at-risk operations are those where the helicopter
is not refuelled until the fuel level is quite low — most commonly because the flight is long and
the destination is remote.

Synthesising all of the findings, the most at-risk helicopter operation is one in which the
helicopter performs multiple flights per day (or multiple altitude steps in one flight), at moderate
altitude, in a humid environment and is not refuelled until the tank is relatively empty. The
individual flight duration does not play a major role.

This corresponds very well to typical oil & gas platform transfer missions, so this case will be
examined in further detail in the following section. Additionally, having found that most water
accumulation occurs during descent, high-altitude missions will also be investigated.

103



14.1.1 Oil & Gas platform transfer missions

The airbus helicopters H160 is similar in size and intended role to the H175, and as such can be
expected to perform similar missions. An insight into the water quantities to be expected in
everyday use can be gained by replicating known H175 missions with the H160, for which
sufficient data is available to confidently model fuel temperature (section 6.1).

SPEED & ALTITUDE GRAPH
— SPEED  — ALTITUDE
8,000 ft 200 kts

6,000t | 150 kts

4000t | 100 kts

09:30 09:45 10:00 10:15 10:30 V 10:45 11:00 11:15 11:30
Figure 62: Typical oil & gas platform transfer mission profile [50]

The most feasible climate category for the North Sea in summer is M2 (marine intermediate).
Using this climate and simulating the above flight exactly as it was performed, an accumulated
water quantity of 5.8 ml is calculated on a H160 (the helicopter is assumed not to refuel on the
platform).

However, based on the findings of the sensitivity analysis, it is possible to produce far more
water if the conditions are adjusted slightly: more flights in the same day, lower cruise altitude,
and a more humid climate. By lowering the cruise altitude to 2000 ft (600 m) and performing two
round trips (instead of one) in a day, the simulation arrives at up to 36 ml in climate B2 (which
might be expected in more tropical oil & gas fields); a summary is given in Table 19.

Table 19: Calculated water accumulation in a H160 oil & gas platform transfer flights. Low cruise altitude is
2000 ft (600 m), high cruise altitude is 20000 ft (6100 m).

. Water accumulation, H160, by climate
Mission

(ml)
M2 B2 A3 CO
as flown 5.8 15.9 0.0 1.5
two return trips 94 32.2 0.0 3.6
two return trips, low cruise altitude 18.0 36.0 0.0 5.0
two return trips, high cruise altitude 8.1 21.5 0.0 3.6

The maximum concentration of water in fuel is 180 ppmv in the worst case; although this is still
below the certification limit of 200 ppmv, the calculated concentration would rise if there were
less fuel in the tank (the lowest fuel volume was 200 I).

However, in the applicable CS29 certification specification, a sump volume of at least 0.1% is
prescribed, which is equivalent to 1.45 | in the H160. In the worst case of 36 ml per day, this still
allows 40 days of such flights before the accumulated water escapes the sump.
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At the beginning of the project, it was assumed that the lower cruise altitudes favoured by
helicopters would lead to less water accumulation due to smaller heat cycle magnitude. Table 19
suggests that this assumption was incorrect, and that in fact the high ambient humidity found at
low altitudes is the dominant parameter.

14.1.2 High altitude operations

So far, all results have assumed takeoff and landing both occur at sea level. However, helicopters
are also frequently used to access mountainous terrain not otherwise (quickly) reachable — a
mountain rescue operation, for example. A (fictional) mission profile for such a flight is given in
Figure 63.
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Figure 63: Fictional mountain rescue mission. Origin heliport at 10000 ft (3000 m), cruise at 15000 ft (4600 m),
rescue site at 14000 ft (4300 m). Flight duration each way is one hour.

The above mission profile generated a maximum of 0.21 ml of water in climate CO (all other
climates produced less) for both helicopters. Evidently, high-altitude missions are not a concern.
Lowering the field elevation to sea level does significantly increase the quantities of water
produced (up to 11.8 ml in the worst case — climate B2), but it is still significantly below that
produced during the oil & gas missions.
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14.2 Conclusions

The aim of this research project was to investigate the possibility of computationally predicting
the quantity of water accumulating in a helicopter fuel tank. This was done by first reviewing
available literature on the types, generation pathways and consequences of water accumulation,
as well as a review of associated modelling efforts of similar problems (primarily focused on
fixed-wing aircraft).

By this literature review, it became apparent that there was a substantial lack of both
understanding and modelling effort focusing on rotorcraft. Only one analysis previously existed
to estimate water accumulation in helicopters, the Airbus Helicopters step 1 model. This only
allowed a unidirectional analysis of water generation, for one time step, and under the assumption
that the fuel is always saturated, which is both conservative and unrealistic. Therefore it was
decided to develop AHWAS from the ground up. The model improves on each of these
limitations, enabling the analysis of water accumulation over an unlimited time period with any
mission profile.

During and after the development process, several validation techniques were applied to AHWAS
to both inform development decisions and verify correct operation of the model. Comparison
between the results produced by AHWAS to those originating from associated models yielded the
conclusion that the model performs satisfactorily.

As part of the aforementioned validation procedure, a sensitivity analysis was performed to
determine the influence of relevant model input variables on the quantity of water which
accumulates in the fuel tank. It was determined that the most important factor is the ambient
humidity and the fuel load; the worst case for water accumulation is a flight in humid
surroundings with a nearly empty fuel tank. Contrary to the initial assumption, more water
accumulates during flights at low altitude than at high altitude because the relative humidity is
higher closer to the surface.

As with any simulation of a real system, there is a balance to be struck between certainty and
accuracy: the more conservative the assumptions are, the greater the certainty is that the
calculated water quantity is on the safe side (greater than reality). If the worst-case assumptions
are taken at every step, this leads to a significant overestimation of water accumulation and to
unnecessarily frequent drainage operations. Such an abundance of conservatism is theorized to
have contributed to the presently prescribed daily interval, without any formal calculation or
simulation having taken place. In the present study, assumptions were made such that they are
closer to reality, yet still on the conservative side — as an example, all condensed water is
assumed to enter the fuel without considering the possibility of re-evaporation which exists in
practice. The worst case result shows that it would take 40 days for water to fill the tank sump;
therefore the author would personally consider a weekly drainage interval safe and acceptable on
the basis of this study. The model delivers reasonable and conservative results to the best of the
author’s knowledge as well as that of Airbus experts; however, for absolute certainty, it must be
validated against physical measured data from real helicopter flights.
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With regards to the impact of biofuels, this can be split into two hypotheses:

1. The solubility of water in fuel is determined primarily by aromatic content
2. Greater solubility of water in fuel leads to greater (risk of) water accumulation in the fuel
tank.

Hypothesis 1 has been independently proven; hypothesis 2 appears to be true based on the limited
analysis performed for this study. The two hypotheses are independent, however due to the
limited data available and the limited accuracy thereof, it is not possible to conclusively
determine the degree of impact. Additionally, experimentally gathered solubility curves are only
applicable to the specific samples investigated and may not be representative of the fuel type as a
whole; especially in biofuels, the composition is likely to change depending on the source.
Finally, the impact of other non-aromatic substances on water solubility is unknown. The
solubility of each new alternative fuel blend must be individually determined to gauge its effect
on water accumulation. However, given the water solubility curve of a given fuel blend, the
model may be used to estimate the relative difference between two blends, for example a
traditional fossil-based one and a proposed biofuel to be introduced.

Ultimately it was found that, depending on the climate, mission profile, refuelling behaviour and
fuel blend, the water accumulating in the fuel tank of a medium helicopter may vary from 0.0 to
36.0 ml per day, using the Airbus Helicopters H135 and H160 as reference helicopters. Other
helicopter types may produce small variations from these values.

The main research question of the study was:

Is it possible to improve understanding of the physical phenomena causing
water accumulation in helicopter fuel tanks, by developing a computational
prediction model?

On the basis of the results produced by AHWAS, it was found to a high degree of certainty that a
drainage interval longer than one day but no more than seven days is feasible from a safety
perspective, with the caveat that the model must first be checked against physical measured data
from real helicopter flights.

14.3 Recommendations

Validation against physical measured data is an important next step in the development of
AHWAS. Data collected after actual helicopter flights would be preferable to include any effects
caused by forward flight speed (which is not considered by AHWAS), but data generated in a
laboratory climate chamber may be more reliable due to the controlled environment.

Additionally, the effect of cross-ventilation (where one fuel tank is fitted with multiple vent
connections to the outside atmosphere) is not currently considered by AHWAS. This is not
possible due to the way in which condensation was modelled; however, the effect is not expected
to be very large as discussed in section 11.2.1. Nonetheless, this should be verified
experimentally before the drainage interval of any helicopter type with cross-venting is changed.
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The certification regulations are not clear on the actual limit for free water content of a fuel tank;
only the 200 ppmv fuel system functionality requirement provides any indication for how much
water is tolerable. A limitation citing water in fuel concentration is not useful when considering
multi-day drainage intervals, as the concentration changes along with the fuel quantity present in
the tank. The author recommends that a new definition be developed referring to the maximum
fraction of the tank sump which may be filled with water at any given time.

For the application of alternative fuel blends, preliminary investigation during the present study
has shown that it is not sufficient to generalise a conclusion based on a maximum or minimum
content of certain substances in the fuel (this was not the goal); for each new fuel blend, the water
solubility curve must be determined and provided to AHWAS to estimate the effect on water
accumulation. This curve is generally supplied by the fuel manufacturer.
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Appendix

This appendix provides vertical humidity profile data for Germany, warm marine islands, Japan
and India, which exhibit distinctly different magnitudes of humidity and vertical gradient thereof,
while also showing similarity in the general trend with altitude.

Germany

Dusing et al. [63] measured RH and temperature by helicopter up to an altitude of 2300 m at
Melpitz, Germany (a rural site in the east of the country). As shown in Figure 64, the ground-
level ambient temperature and humidity classify it as climate category A3.
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Figure 64: Measured RH and temperature vertical profiles in Melpitz, Germany, September 2013 [63]

The measured temperature lapse rate of -0.0065 K m™ corresponds exactly to the value given by
ICAO. RH initially increases linearly with altitude from ground level up to approximately 1100
m, inversely proportional to the temperature, indicating a constant specific humidity. There is
then a step change to a lower RH of 50%, which subsequently remains almost constant at higher
altitude. This altitude will be referred to as the transition altitude henceforth; the transition
altitude frequently coincides with the cloud ceiling. In this particular case, a small inversion can
be spotted: just at the step change in RH, the temperature gradient is briefly inverted. This
indicates a very stable weather condition with no significant turbulence which might affect low-
level humidity.
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The reliability of this data is limited by the absence of multiple measurements; a single
measurement typically cannot be relied upon to be accurate. Nonetheless it does provide a useful
indication of the general vertical profile, which could be used as an initial modelling input.

Tropical Oceans

Yu et al. [64] give some data from humidity prediction models, based on three locations: Gan
(Maldives), Manus (Papua New Guinea) and Nauru. All three are small islands surrounded by
large bodies of water, in close proximity to the equator; the most plausible climate category is
therefore M1 or M2 (marine hot or marine intermediate). One example is shown in Figure 65.
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Figure 65: RH altitude profile from models, for Manus (Papua New Guinea) [64]. Data fits best within climate
category M2 “marine intermediate”.
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The RH profile at low altitude exhibits a similar pattern to the measurements taken in Germany: a
steady increase up to around 1000 m altitude, followed by a rapid decrease (refer to Figure 9 to
convert between pressure and altitude), even though the RH values differ in magnitude.

This result suggests that above the initial peak in RH, a linear progression of RH could be
considered for the altitude range relevant to helicopters. The transition altitude is slightly lower
than that in the results from Germany, suggesting a lower cloud ceiling.
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Japan

Sakai et al. [65] provide vertical RH profiles measured throughout the year 1994 over Nagoya,
Japan (Figure 66). Nagoya falls into climate categories A3, B2 and CO depending on season.
These data are especially interesting as they also provide the mixing ratio (equivalent to specific
humidity). When specific humidity is very low (i.e. at low temperatures), it becomes very
difficult to accurately measure, which increases the uncertainty in the relative humidity. This is

the case in the December measurement below.
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Figure 66: Measured vertical RH profile over Nagoya in 1994 [65], in all 4 seasons.

All 4 measurements show RH generally decreasing with altitude; the lowest altitude for which
data are given is approximately 800 m. The December measurement suggests that RH is very low
in climate category CO; this contradicts NATO, which gives 100% RH in this condition.
However, the saturation specific humidity at -6°C is 10 times lower than at +30°C. Minor
fluctuations and measurement errors therefore deliver wild variations in measured RH.
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These results indicate a transition altitude between 1.5 and 6 km depending on the season:
warmer seasons produce higher transition altitudes. This poses an interesting contrast to the data
for both Germany and tropical oceans, which indicate higher temperature produces lower
transition altitudes. Wind might be a factor that unfortunately was not recorded in any of the
papers.
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