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Abstract: Biofuels are important additives to conventional fuels in combustion engines of the trans-
port sector, as they reduce atmospheric emissions and promote environmental-friendly production
chains. The mechanical and thermal performance of a PT6A-61A engine on a test bench of the Colom-
bian Air Force operating with blends of JETA-1 and Biodiesel up to 25% volume values of substitution
is evaluated in this work. Experimental results show that blends are operationally reliable up to
15% volume content. In that range, the engine operation is not compromised in terms of response
variables. Moreover, experimental properties of fuel blends show that the freezing point—which is
the most critical variable, does not comply with aeronautical regulations. The system dynamics are
subject to several variations in the test parameters, which mainly affected fuel flow, Inter-Turbine
Temperature (ITT), and engine performance. A Principal Component Analysis (PCA) is performed
over the experimental results to quantify possible disturbances on the bench measurements. This is
based on the fact that the study is restrained to stationary test bench conditions.

Keywords: PT6A-61A engine; JETA-1; biodiesel; mechanical behavior; principal component analysis
(PCA); experimental fluctuations; fuel blending

1. Introduction

Estimations of the aeronautical sector continuous growth demonstrate its positive
impact over the global economy. However, CO2 emissions may also increase due to the use
of JETA-1 as a conventional aviation fuel [1,2]. Boeing predicted an annual increase of the
aeronautical sector of approximately 5% until 2034, with the consequent contribution to
the total global greenhouse gas emissions of around 4% to 6% [3,4]. Therefore, it becomes
important to promote mitigation strategies, such as the adoption of renewable aviation
fuels. A type of fuel that provides high energy efficiency and boosts alternative productive
chains. Biodiesel is indeed a renewable fuel that is obtained through oil transesterifications
in homogeneous [5] and heterogeneous catalysis media [6]. The chemical process uses
different feedstocks [7] like palm [8], Jatropha [9], algae, and palmist kernel oil [10], and
reaches typical conversion efficiencies of around 99% having a high selectivity. Biodiesel is
a remarkable biofuel that is used as a substitute for conventional fuels [11], due to its high
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chemical compatibility, excellent thermal and calorific properties [12]. It reduces CO and
CO2 emissions in combustion engines [13]. The blending of biodiesel with conventional
fuel represents a sustainable pathway in the use of biofuels from biomass [14]. This
option has been explored by several authors [15,16], mostly by mixing it with additives
such as alcohols to improve the physicochemical properties of blends [17]. However,
there is not a consensus about the optimal proportions in blends. This is due to the
different configurations and the complexity of the combustion chamber in aircraft engines.
Talero et al. [18,19] analyzed the performance and emissions of a J69 engine operating with
blends of JETA-1 and biodiesel up 25% in volume. Although high proportions of ethanol
can drastically reduce Flashpoint of fuel blends, additives like ethanol are likely to be
used soon [20]. Seyam presents a complete review about the use of different additives as
methanol, ethanol, DME, and even hydrogen in hybrid aircraft systems [21].

These biofuels could be biokerosene and FAME from palm kernel oil, but also other
bio-oils. Regulatory policies in the use of aviation fuels establish maximum and minimum
limits of partial substitution of JETA-1 in aeronautic operations [4]. These ranges allow
fostering productive chains for biofuels obtained from biomass, especially in developing
countries [5,6,22,23]. This is specially written in the series of compromises under the
United Nations Framework Convention on Climate Change (UNFCCC) and the established
guidelines by the Intergovernmental Panel on Climate Change (IPCC) [7–24]. Palm oil
transesterification biodiesel is part of one of the productive chains of renewable sources
in Colombia. Currently, the bulk volume of generated oil is devoted to the food industry.
A small fraction goes for transportation, which does not conflict with the food supply in
the country [10–25]. Being a renewable fuel, biodiesel offers good stability, is sulfur-free,
and contains low percentages of nitrogen compounds. It has high chemical compatibility
with aviation fuel JETA-1 because of its aromatics and paraffin contents [11,12,26,27]. In
terms of operation, several authors have tested the impact over performance and thermal
variables of different turbojet engines using compatible mixtures of biofuels and JETA-1.
These previous investigations have evaluated dynamic models [13–28] and performed
exergy analysis [14–29]. The understanding of the aviation engine dynamics operating
off-design conditions is still mandatory to partially substitute the use of fossil fuels.

The PT6A engines are shaft-type power plants which are commonly used in low to
middle range aircraft. Mainly, these are used as turboprop engines both in the military and
civil sectors. Some specifications of the PT6A engines are shown in Table 1.

The PT6A-61A engine has an axial compressor, a centrifugal compressor, a reverse
flow combustion chamber, a gas turbine, and a power turbine [15–30]. The combustion
chamber allows high efficiency in fuel consumption [16–31]. The engine has two indepen-
dent mechanical modules: the Gas Producer (Ng) module which generates combustion,
and the Power Producer module related to the propeller motion. The combustion gases
drive the respective turbine wheels: one for the gas compression stage and the other for
power generation [17–32]. Two reduction boxes are installed in each module to reduce the
turbine revolutions. In the power generation turbine wheel, the torque representing Shaft
HorsePower (SHP) is multiplied. The accessory section [18–33] is in charge of controlling
power through the fuel dosage, according to the operating environment associated with
the barometric pressure. Then, controlling the engine response through the pneumatic pres-
sure of the compressor and position throttle [19–34]. A few reported articles demonstrate
the state of the art of turboprop-type engine analysis operating at off-design parameters.
Mainly by performing a global exergetic analysis [17–32], focused on the performance of
the engine in terms of mass balance, energy, but without experimentally validating the
analysis over an Aircraft test bench.
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Table 1. PT6A family of engines specifications [18–33].

Model Max Mechanical Power
(SHP)

Max Speed Propeller
(RPM)

PT6A Small 760 2200
PT6A Medium 1200 2000

PT6A Large (A-52 at A-68) 1700 2000

PT6A-61A Dimensions

Max Height (in) Max Width (in) Max Length (in)
25 21.9 62
22 19.5 72
22 19.5 76

PT6A-61A Operation at Sea Level

Variable Units Value
Shaft HP 850

Jet thrust lb 132
Output RPM 2000

Gas generator RPM

Takeoff (5 Min)

equivalent shaft HP 902
Jet thrust lb 132
Output RPM 2000

Mechanical Power HP 1700
Maximum continuous Power KW 634
Maximum Interstage Turbine

Temperature (ITT)
◦C 800

The contribution of the present work lies in the study of the aviation engine perfor-
mance operation in military facilities since no similar analysis has been evidenced in the
specialized literature. The closest references are the works published by Talero et al. [18],
in which the operation of turbojet engines are evaluated using mixtures of JETA-1 and
biodiesel up to 5% mixture by volume. The findings of those authors present an alternative
in the use of biofuels in the aeronautical sector for turbojet technologies and motivate the
development of this analysis in turboprop engines. As well, recent work on computational
simulation was conducted by Bayona-Roa et al. [13–28] in which the dynamic operating
conditions of a PT6A-61A engine were simulated using mixtures of JETA-1 and biodiesel.
Based on these previous remarks, this article presents an analysis of a PT6A-61A engine
experimental operation in an aviation test bench using mixtures of JETA-1 and biodiesel.
The present findings are also computationally validated, showing the engine response in
terms of the engine performance variables.

In terms of engine performance-operating outside design conditions, the present work
evaluates the operation using mixtures of biodiesel and JET A-1, maintaining substitution
percentages of up to 25% of biodiesel. The objective is to demonstrate the relationship
between the combustion and physicochemical properties of the fuel on the thermal and
mechanical behavior of the engine. The organization of this document is as follows. In
Section 2 the experimental procedure conducted is described, including the chemical
characterization methodology for the experimental fuels and the experimental bench
description. In Section 3, the experimental results of the fuel characterization and the
evaluation of the PT6A-61A engine operating with JETA mixtures are presented. As well,
the statistical treatment of the experimental results are detailed. Finally, in Section 4, some
conclusions and future research lines are presented.

2. Materials and Methods

This research is conducted under atmospheric conditions at the Madrid-Cundinamarca
(Colombia) CAMAN Air Base. The experimental plan is designed over the PT6A-61A
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engine operating in an AM37T-21 stationary test bench. This bench is owned by the
Colombian Air Force and is currently used for research activities regarding the substitution
of conventional aviation fuel with biofuel mixtures. The test bench has a work capacity of
8000 HP adapted for turboprop aviation engine tests. Thus, allowing the use of the PT6A-
61A type of engine since its applications worldwide are both military and commercial.
Indeed, the PT6A-61A is a general interest type of engine for the international aeronautical
sector. The operating limits specified in the manufacturer’s operating manual are taken into
consideration in the tests. The operating limits specified in the manufacturer’s operating
manual of the engine are taken into consideration for each operational parameter in the
tests. Based on these ranges, an experimental design is achieved by considering the biofuel
substitution mixtures, and their respective chemical analysis.

2.1. Analysis of Biofuel Blends Used for the Tests

The fuels used in this research are the following: JETA-1, biodiesel, and mixtures of
5%, 15%, and 25% of biodiesel in JETA-1. The mixtures are characterized using various tech-
niques that determine the properties of appearance, corrosion to the copper foil, distillation,
gums, microseparometer, flash point, freezing point, humidity, total contamination, total
sulfur, and aromatics. Additionally, the Higher Heating Value (HHV), the kinematic viscos-
ity, and density of the pure fuels JETA-1 and Biodiesel FAME are measured. These readings
are used to predict the properties of the mixtures through Equations (1) and (2), respectively.
The transformation of volumetric fractions to mass fractions is conducted with Equation (3)
together with the calculation of the density for the ideal mixture of Equation (4).

HHV = ∑ wi HHVi =wJETA−1HHVJETA−1 + wBiodiesel HHVBiodiesel (1)

ln(η) = ∑ wi ln(η)i =wJETA−1 ln(η)JETA−1 + wBiodiesel ln(η)Biodiesel (2)

wi =
viρi

ρideal
(3)

ρideal = ∑ viρi =vJETA−1ρJETA−1 + vBiodieselρBiodiesel (4)

In these equations, HHV is expressed in MJ/Kg, η is expressed in mm2/s, p is ex-
pressed in kg/m3, and vi, wi are dimensionless volumetric and mass fractions, respectively.
IR spectroscopy measurements are performed for the mixtures and pure components in a
Model BRUKER Alpha equipment with Fourier transform, in the transmittance range of
400 to 4000 cm−1.

2.2. Evaluation of the PT6-A Engine with the Biodiesel Blends FAME and JETA-1

The experimental study is conducted by testing the most relevant operating regimes
in the mechanical and thermal performance of the PT6A-61A engine. Table 2 shows the
measured engine regimes and substitution percentages. Recommended blending operating
limits according to international regulations are up to 10% Biodiesel FAME in JETA-1 [35].
However, up to 25% biodiesel is used in the experimental tests to evaluate the effect
of high percentages of biodiesel over the mechanical parameters and performance of
the engine [18]. It has been demonstrated in previous publications that this amount of
biodiesel has a considerable impact on the engine operation [19], which is related to the
physicochemical properties of biofuel blends. The previous findings over turbojet engines
motivate the present experimental design in the turboprop type of engine.
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Table 2. Experimental design of the tests conducted on PT6-A engine.

Variable Levels

Regimen Engine Min idle 65%, Transient 75%, Transient 90%, Take off 96%
% FAME 0, 5, 15, 25

The measurements of the engine variables are achieved through different engine
speeds. The engine speed is mechanically controlled by using an adapted throttle lever near
the test bench. This throttle is manually operated from a control cabin, locating the desired
regime at each experimental level within the design, and stabilizing the regime to be able
to measure the engine variables. Most variables are read by the avionics instruments. The
experimental variables which are measured during the tests together with their respective
sensors are shown in Table 3. All these variables are included in the analysis by considering
the in-flight operating conditions of the engine and the operation ranges established by the
engine manufacturer [31,33].

Table 3. Thermal and mechanical response variables measured on the test bench.

Variable Units Symbol

Torque (T) Left T
Prop (Np) RPM Np

ITT o C ITT
% RPM of engine % RPM N/A

Fuel flow Lb/h FC
Fuel Pressure PSI PC

Sensor Range Accuracy

Pressure Transmitter 0–75 Psi ±3%
Tachometer Generator 1600–1900 ±1%

Temperature sensor 1100 ◦C ±1%
Pt-Rh Thermocouples ≤1300 ◦C ±0.8%
Fuel Flow Transmitter 0–600 Lb/h ±0.8%

Figure 1a indicates the engine control mechanism and Figure 1b shows a detail of
the PT6A-61A engine. The operability and maneuverability of the engine regimes are
provided by three levers installed on the test bench indicated: the fuel lever, the power
lever, and the propeller lever, which allows the propeller movement during operation and
emergency stops.

Figure 1. (a) PT6A-61A engine control mechanism. (b) Detailed schematic of the PT6A-61A engine.

Preliminary tests are conducted to verify the engine ignition using JETA-1. The
indicators and instruments installed on the test bench are recorded during the tests. As
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well as the combustion chamber instruments and the pressure manometer, oil temperature,
Interstage Turbine Temperature (ITT), torque indication systems, and free rotation speed
signals. The % RPM of the engine determines each operating regime (as given in the
operation manual). The fuel supply system is verified before running the tests. All
operating procedures, as well as the sensors, controllers, and indicators, are installed and
calibrated following the aircraft’s certification [36]. The test procedures and protocols used
for executing the experiments are, respectively, the Data Sheet E4EA, the Pratt and Whitney
operation manual [32], the maintenance manual 3034342 [34], the overhaul 3034343 from
the manufacturer [33], the Piper Cheyenne III 761523 aircraft maintenance manual [37],
and the Piper Cheyenne III flight operation manual. The state of the supply system is
verified before running the tests. The tests are conducted randomly, always verifying that
the operating conditions are within the recommended range. As the operating regime
increased to the maximum value. All the response variables are tracked while the operating
regime increases, keeping constant the testing time intervals to circa 59 s. The delivered
shaft work of engine is calculated by using Equation (5).

W =
TNP
5252

(5)

where W is the shaft work of engine expressed in HP, Np is the angular velocity of the
propeller (RPM), and 5252 is the conversion factor between Lb ft and HP.

2.3. Empirical Models of Engine Operation and Principal Component Analysis

The experimental data obtained in the tests are adjusted to generate some empirical
models, whose purpose is to find an objective function that allows representing the behavior
of the experimental data in the expected ranges. The coefficients of the objective function
are adjusted using minimization methods. This function is of the form given by equation

yBD = b +
n

∑
i

λiixi +
n

∑
i=1

∑
j=2,j=2,j≥i

λijxij (6)

Normalizing the variables in the (−1, 2) interval, we can write the independent
variable as

x =
z − (zmax+zmin)

2
(zmax+zmin)

2

(7)

In these expressions, zmax and zmin are the extreme values of the variables, n is the
number of independent variables (not to be confused with the kinematic viscosity), b is
the independent term, Lii, and Lij are the regression coefficients. The maximum number
of experiments should be greater than the number of parameters in the model. Finally,
additional experiments should be included at the center point of the experimental condition,
to include the experimental error at the center point. The development of the empirical
model involves regression strategies and the elimination of variables that are not significant.
Mainly, through the use of statistical criteria based on the response and its significance.
The verification of the model effectiveness aims to test whether it is capable of representing
the response within the experimental error or not. Finally, a Principal Component Analysis
is applied to the experimental results. This statistical description is done to quantify the
direction of the experimental fluctuations as a function of the operating parameters for
each regime and their impact on the response variables [38].

3. Results

The obtained results are presented in this section. The results are displayed for each
operating regime and fuel substitution levels. First, the characterization of the fuel mixtures
is demonstrated through the FTIR analyses. Then, the engine behavior at stationary
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conditions on the test bench is exposed. Finally, the experimental results are analyzed in
terms of the statistical analysis and some inspection tests on the disassembled engine.

3.1. Characterisation of the Fuel Blends

The results of the characterization tests are shown in Table 4. The physicochemical
properties of the different mixtures are presented. These have been determined through
the tests described in the previous section.
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Table 4. Physicochemical and combustion properties of the fuel blends.

Test ASTM Units JETA-1 5% 15% 25%

Appearance D-4176 pale yellow clear and bright clear and bright yellow-orange
API D-1298 kg/m3 43.3 41.1 39 36.7

Copper Strip Test D-130 1a 1a 1a 1a
Density D-1298 kg/m3 809.50 817.5 823.78 829.1

Dist Initial Point D-86 ◦C 125.3 153.7 135.4 157.5
Dist 10% D-86 ◦C 155.8 175.6 177.2 179
Dist 50% D-86 ◦C 211.3 208 214.1 223.6
Dist 90% D-86 ◦C 255.4 252.5 310 330.5
Dist Final D-86 ◦C 290.6 295.9 337.1 340.2

Rubber materials D-1319 mg/100 mL 19.6 46
Microseparometer D3948 % 0 0

Flash Point D2386 ◦C 60.00 40 41 41
Freezing Point E203-08 ◦C −47 −20 −16 −10

Humidity D-1298 mg/kg 92 123 126
Total Pollution mg/kg <6 <6 <6
Total Sulphur g/100 g 25

Aromatics mL/100 mL
HHV D240-14 MJ/kg 45.41 45.12 * 44.54 * 43.96 *

Kinematic viscosity D445-15 mm2/s 1.4122 1.4995 * 1.6884 * 1.8984 *

* Predicted values.

The presence of oxygen in the fuel mixture corresponding to the ester group of the
added FAME biodiesel can be observed to be the fundamental cause of the physicochemical
and functional properties variations [39]. This presence generates changes due to the mixing
process, in terms of calorific value and fluidity [40].

Most physicochemical and combustion properties of the mixtures meet the Aeronauti-
cal specifications. Nonetheless, that is not the case of the freezing point, whose admissible
value is −47 ◦C, much too lower than the biodiesel results. Pure JETA-1 already shows a
−47 ◦C freezing point. This property raises to −20 ◦C for the 5% volume of biodiesel blend.
With 25% of biodiesel, the freezing point reaches −10 ◦C. Thus, the biodiesel leads to a
deviation of this property from aviation fuel regulations [41]. Another important finding
is related to the HHV of the mixtures, which decrease slightly as the biodiesel content
increases. With 25% (by volume) of biodiesel in the blend, the calorific value is reduced by
3.2% against the JETA-1 reference. Thus, by increasing the proportion of biodiesel, which
has a lower calorific value, the fuel decreases its calorific power. A direct consequence of
this is that higher fuel consumption is required to maintain the same thermal power of the
cycle [42]. Alternatively, the measured viscosity is within the allowed ranges [43] and does
not compromise the engine operation. The Biodiesel FAME in the mixture decreases the
flashpoint, being closer to the 38 ◦C limit value. The pure JETA-1 fuel shows a flashpoint of
60 ◦C. In the case of the 5% biodiesel blend, the flashpoint reduces to 40 ◦C. However, for
the 15% blend, it remains at 41 ◦C. The presence of fatty acids from FAME Biodiesel mixed
with alkanes and isoparafines from JETA-1 reduces these properties, making the mixture
more vulnerable to ignition [44,45].

3.2. FTIR Analysis of the Fuel Blends

Figure 2 shows the results of the FTIR spectra for the 5 samples of Biodiesel FAME
blends with JETA-1.
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Figure 2. FTIR spectra of JETA-1 and Palm Oil FAME biodiesel blends.

JETA-1 is composed of branched alkanes between 8 and 16 carbons. Its average
molar formula can be expressed as C11H21 [46–49]. It contains carbon–carbon (C-C) and
carbon–hydrogen (C-H) bonds, showing a 2931 cm−1 stretch associated with a C-H linear
stretch and a stronger C-H stretch at 2931 cm−1. The peak at 1742 cm−1 corresponds to
asymmetric vibrations of the C-H bond [50]. As biodiesel is added to JETA-1, it is mixed
with the fractions that essentially contain methyl esters (C16-C18) with approximately
a composition of 98% a: 42.8% palmitic acid (C16H32O2), 4.5% acid stearic (C18H36O2),
40.5% oleic acid (C18H34O2), and 10.1% linoleic acid (C18H32O2) [51]. The FAME Biodiesel
profile typically presents a C-H bond at 2931 cm−1 related to the alkyl group of the Ester.
Subsequently, another peak occurs at 2860 cm−1, related to methyl groups of an asymmetric
nature. This is due to the presence of Ester lipids in the three mixtures [52]. The most
intense peak for unmixed pure fuels is associated with the carbonyl bond C=O (1742 cm−1),
indicating the possible presence of ester groups. Other peaks found are at 730 cm−1,
1446 cm−1, and 1374 cm−1, indicating paraffins with methyl-type vibrations [53]. Table
5 summarizes the functional groups found in the different fuel blends between JETA-1
and biodiesel.

Table 5. Spectroscopic information of blends of JETA-1 with biodiesel.

Wavenumber (cm−1) Stretching Assignment

2931 C-H Streching (weak) Alkanes saturated -CH2- and -CH3
2860 C-H Streching (strong) Alkanes saturated -CH2- and -CH3

1742 C-H Streching (Asimetric) and C=O Streching Alkanes saturated -CH2- and -CH3
Carbonyl/Carboxyl: -C=O

1446 C-H Streching (weak) Alkanes saturated -CH2- and -CH3
1374 C-H Streching (simetric) Alkanes saturated -CH2
1170 C-O Streching ester: -COO-
1010 C-O Streching ester: -COO
730 C-H Streching (average), C-H Streching Aliphatic ester: -O-, Aromatics: Ar-H from benzene

The corresponding average molar formulas of blends based on each component
concentration and formula are presented in Table 6. The average molar formulas are
determined for each mixture through the balance of moles of components.
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Table 6. Semi-empirical analysis and molecular formula of blends.

% V Empirical Equation Molecular Weight

0 C11H21 153.28
5 C11.2011H21.3968O0.0568 157.01
15 C11.6288H22.2408O0.1776 164.93
25 C12.0959H23.1625O0.3096 173.58

100 C18.08H34.97O2 284.40

3.3. Engine Performance on the Test Bench as a Stationary Operating Condition

The experimental analysis is done over normalized variables from the experimental
data. Table 7 shows the experimental data. To obtain these results each experimental
condition has been replicated three times. No variability in the engine temperature, oil
pressure, and oil temperature are found. Thus, those variables are neglected in the thermal
analysis. In the following analysis we address the engine results operating on the test
bench. Especially, the PT6A-61A engine operation is compared against the maximum
conditions established by the manufacturer for each measured variable. These analyses are
valid for low operation altitudes of aircraft, but invalid for high altitude operation (such as
civil aviation).

Table 7. Matrix of experiments with thermal and mechanical measurements.

Variable Inlet Measured Variables

Stage % Biodiesel Torque (Lb/ft) * Np (RPM) * ITT (◦C) * Fuel Flow (ft3/h) *

Min idle low 63% 0% 53.3 1350.0 543.3 126.3
Transient 75% 0% 145.0 1616.7 553.3 156.7
Transient 90% 0% 841.7 1963.3 633.3 277.7
Take off 96% 0% 1608.3 1996.7 726,7 398.3

Min idle low 63% 5% 50.3 1300.0 553.3 120.0
Transient 75% 5% 151.7 1600.0 563.3 155.0
Transient 90% 5% 833.3 1973.3 626.7 260.0
Take off 96% 5% 1603.3 1933.3 733.3 401.7

Min idle low 63% 15% 25.0 1291.7 570.0 128.3
Transient 75% 15% 150.0 1611.7 580.0 141.7
Transient 90% 15% 821.7 1993.3 639.0 311.7
Take off 96% 15% 1601.6 1990.0 746.6 400

Min idle low 63% 25% 22.7 1286.7 580.66 120.0
Transient 75% 25% 150.0 1583.3 590.66 155.0
Transient 90% 25% 860.0 1990.0 640.0 280.0
Take off 96% 25% 1623.3 1996.6 787.66 400.0

* Mean values.

Figure 3a,b show the delivered torque of the engine. Plots are presented against the
operating regime and the percentage of substitution of biodiesel. The torque dependence
over the operating regime can be observed in these figures: the “Take off” regime is the
most demanding for the engine [54].

The torque measurements indicate power losses due to the use of biodiesel with
JETA-1 [31]. Reference JETA-1 operation decreases to 87% when adding biodiesel content
to the fuel. The upper limits of torque delivery are obtained using the 25% biodiesel
mixture. In the case of the flashpoint, it decreases regarding pure JETA-1 [55], producing a
variability of the experimental results. Mainly, at higher power regimes (90% and Takeoff)
for which greater dispersion of the results is observed at low levels of biodiesel substitution.
Figure 3a,b show that even with 5% of biodiesel the torque delivery remained high [56]
with minimal variations in calorific power compared to pure JETA-1. The effect of Biodiesel
in the delivered torque is evidenced for transient conditions and high operation regimes.
A decrease of the torque as a function of the % of biodiesel is thus observed. This small
variation is attributed to the reduction of the calorific value of the mixture as Biodiesel
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is added. Indeed, the HHV decreases as the % of biodiesel increases. It has also the
effect of decreasing the revolutions of the engine. However, the torque stabilizes for high
substitution values.

Figure 3. Engine delivered torque: (a) Depending on the operating regime, (b) depending on the %
of biodiesel.

Figure 4 shows the effect of biodiesel on the rotation speed. Usually, the rotational
speed increases as more power is delivered by the fuel [57]. In the present results, the
biodiesel impact becomes noticeable during Takeoff, when the engine reaches 2000 RPM.
Indeed, a noticeable effect of biodiesel on the engine speed is also appreciated in the idle
and 75% regimes. A drop in Np occurs for these regimes, while no variations are observed
for the 90% transient regime. This can be associated with the fact that the HHV decreases
with the addition of biodiesel. That is due to the molecular presence of fatty acids that alter
the chemical composition and its exergetic efficiency [58]. As shown in Table 6, the content
of C, H, and O increase for high substitution values. Thus, having an impact on the energy
contribution of the fuel [59,60].

Figure 4. Engine revolutions (Np): (a) Depending on the operating regime, (b) depending on the %
of biodiesel.

In all cases, an adequate response of the engine is found. This demonstrates the
viability of the partial substitution of biodiesel in JETA-1. In terms of the propeller RPM,
these results show that adding biodiesel minimally affects the engine operation [28]. For
the reverse condition, the propeller revolutions are between 1900 and 2000 RPM [61].
Since these conditions are the operation limit of the propeller, at transient conditions the
variability is minimal. This is due to the fluid dynamics of the system.
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Figure 5 shows the ITT (◦C) as a function of the engine speed and the % of biodiesel
in the blend. The thermal conditions in the middle 63% and subsequent 70% regimes are
similar, indicating that the combustion kinetics is related and dependent on the engine
starting procedure from cold conditions. No result exceeds the maximum temperature
recommended by the manufacturer’s manual of 820 ◦C [34].

Figure 5. ITT: (a) Depending on the operating regime, (b) depending on the % of biodiesel.

The largest error occurs with pure JETA-1 operation, which could be due to the data
collection a few thousandths of seconds before stabilization for the minimum Idle condition.
In that case, the temperature remains constant and does not present large changes for any
percentages of biodiesel. In the case of the min Idle-High condition, the stabilization
temperature is between 550 and 600 ◦C. Here, it is observed that the temperature reaches
admissible values within the operating ranges. Finally, in 90% and 96% conditions, a
maximum temperature of 750 ◦C is reached. Considering that the maximum condition is
880 ◦C, this value is admissible within the operational ranges. Under the Take-off condition,
it is also observed that the biodiesel content has a minimal impact on the central tendency
of the ITT measurements, unlike the starting condition, a condition in which an increase in
temperature is evidenced for mixtures close to 5% biodiesel substitution. ITT’s parabolic-
looking trend can be attributed to the propeller’s cooling effects, which become noticeable
as the operating regime increases and with it the RPM. At low RPM levels (such as starting),
the engine temperature tends to increase due to a reduction in convection heat transfer,
while at high operating speeds the effect of heat rejected due to combustion increases by
overcoming engine cooling. Therefore, the temperature increases [62].

Figure 6 shows the profiles for fuel consumption, which slightly varies as a function
of the % of biodiesel.

Especially, for the Takeoff and Min Idle 63% conditions. In the maximum condition,
the variability is minimal due to the combustion conditions of the engine. These conditions
require high and constant fuel consumption. Some maximums with 15% substitution are
found. They are interpreted as a point of maximum delivery of caloric energy of fuel blend
in this condition. The effect of the biodiesel content up to 15% reveals a significant variation
in the fuel flow variable for the Transient 75% and 90% regimes as the absolute percent
variation is above 7.5% and 4%, respectively. On the other hand, no significant statistical
difference is found in the Min Idle and Take off regimes for the 15% biodiesel content, with
a level of significance of 95%. Another observation is that the rise in the biodiesel content
from 0% to 25% has no impact on the fuel flow at every operation, mainly explained by
the engine control given by the Fuel Control Unit (FCU). Nevertheless, the lower energy
content of the biodiesel, poor atomization of the fuel, and possible saturation of the fuel
filters may be affecting the measurement of this variable. Finally, the Takeoff condition
is a condition of higher fuel consumption. In that case, a high supply of the mixture
must provide the energy delivered by the engine. The consumption hence increases as a
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stable Take off condition is established, where the variability in fuel consumption observed
is minimal.

Figure 6. Fuel flow: (a) Depending on the operating regime, (b) depending on the % of biodiesel.

Results of the delivered shaft work (See Figure 7) are explained next. Indeed, shaft
work is maximum at 5% biodiesel content and transient conditions of 90% and 96% regimes.
This indicates that the losses or irreversibility are lower under these conditions: on the one
hand, the content of fatty acids increases as biodiesel is added to JETA-1 and, on the other
hand, having isoparaffins in a smaller proportion reduces the net heat of combustion [60].
The HHV of the mixture reduces as saturated C compounds and methyl esters increase.
Simultaneously, the transport properties for the mixtures increase. Thus, having an impact
on the fluid dynamics of the gases during combustion.

Figure 7. Shaft work delivered on PT6A-61A engine during experimental tests with JETA-1 and
biodiesel blends.

As expected, in the Take off and 25% biodiesel condition, a higher engine shaft work
occurs. That contrasts with the results of propeller revolutions delivered in Figure 4. It is
also clear that the delivered engine shaft work never exceeds the engine limits. Especially
in the cruise condition. No significant variations regarding the biodiesel substitution are
found in the engine operation on the test bench.

3.4. Statistical Analysis of the Mechanical and Thermal Performance of the PT6A-61A Engine

The experimental data are analyzed in terms of their correlations. Indeed, the cor-
relation matrix of the experimental data is the departure step. Correlations between the
measured and manipulated variables of the system can be observed. Table 8 shows this
correlation matrix.
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Table 8. Correlation matrix of experimental data as a function of input parameters.

Engine Stage % Biodiesel Torque Np ITT FF

Engine stage 1.00 0.00 0.79 0.71 0.83 0.88
% biodiesel 0.00 1.00 −0.06 −0.07 −0.05 −0.05

Torque 0.79 −0.06 1.00 0.86 1.00 0.99
Np 0.71 −0.07 0.84 1.00 0.86 0.89
ITT 0.78 −0.05 1.00 0.84 1.00 0.99
FF 0.79 −0.05 0.99 0.89 0.99 1.00

The highest correlations are between the ITT variable and fuel flow. This demon-
strates a strong impact on the operation performance. It also indicates that an increase
in revolutions of the engine occurs by the kinetics of combustion and, consequently, the
consumption of required fuel. Additionally, the % of biodiesel has a minimal influence on
the measured variables. Considering the highlighted correlations in the correlation matrix,
it is possible to obtain empirical models of ITT and fuel consumption as a function of the
RM variable (Operating Regime). This procedure categorizes these variables in terms of
regimes. Mostly from 65 to 96% Take-off regimes. Some preliminary investigations have
considered empirical models in terms of the % of biodiesel. However, these models did not
show a valid statistical behavior of the dynamic performance of the system. In the ITT case,
Table 9 lists the statistical parameters calculated with a proposed linear model of the form:

ITT(RM) = λ0 + λ1RM+λ2RM2 ITT (8)

Table 9. Statistical model for ITT experimental data.

L0 L1 L2

Estimate 560.0833 39.83336 10.83334
Std. Err. 17.9182 16.20764 12.08046

t (13) 31.2578 2.45769 0.89677
p-level 0.0000 0.02879 0.38615

Parameters are not significant for p-level values above 0.06. Hence, by adjusting the
data and eliminating the L2 parameter, we obtain the statistical model shown in Table 10.
These models allow predicting and correcting the measured variables.

Table 10. Experimental data of the second adjustment for ITT.

L0 L1

Estimate 569.8085 49.33866
Std. Err. 10.8404 9.88382

t (14) 52.5633 4.99186
p-level 0.0000 0.00020

Figure 8 displays the ITT empirical model. It can be observed that the assumption of
the normally distributed error hypothesis is valid, although some residual values of some
experiments do not follow the normal distribution. The model seems to accurately fit the
experimental data.
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Figure 8. Adjustment of the empirical model obtained of ITT.

The last point in Figure 8 is run 16 of Table 7: Takeoff 96% with 25% biodiesel, a
condition which can be considered as an outlier and that is likely to present high variability.
That condition affects the distribution of residuals, since it contains the highest percentage
of biodiesel and represents the most chaotic condition of the engine in operation.

Furthermore, a deeper analysis can be the principal component analysis (PCA) on the
experimental replicas. This analysis gives insights into the variations in the test parameters
during the engine performance. That analysis aids understanding and quantifying fluctua-
tions [38], which in theory are more marked in transitory operating regimes. Explained
by the vibrations increase of the bank that affects the other measured variables. Table 11
shows the PCA of the experimental data.

Table 11. PCA of the experimental data.

65% Idle 75% Transient

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

T 0.953324 0.300794 0.026369 0.491719 −0.853920 −0.170390
Np 0.429724 −0.900540 −0.066066 −0.974186 −0.189901 −0.122062
ITT −0.882523 −0.462295 0.086230 0,978967 −0.194925 0.060229
FF 0.941271 −0.326959 0.084302 0.505199 0.842667 −0.186241

Eigenvalues 2.758329 3.980397 4 2.404429 1.513326 0.082245
Expl Var 88.95822 30.55172 0.49006 80.11072 37.83314 2.05613

90% Transient 96%Take off

T −0.575522 0.380707 0.723765 −0.799819 −0.343681 0.492111
Np −0.780670 0.549097 −0.298408 0.952288 −0.109716 0.284796
ITT −0.270345 −0.912436 0.307203 −0.951530 0.290448 −0.101150
FF 0.796407 0.503632 0.334799 0.109811 0.965017 0.238084

Eigenvalues 1.648021 1.532631 0.819348 2.464031 1.145772 0.390198
Expl Var 81.20054 38.31577 20.48369 81.60076 28.6443 9.75494

According to PCA, there are four experimental fluctuations in the system. This is
expressed in terms of the characteristic values (Eigenvalues) of each regime. Moreover, the
direction of these oscillations is marked by a single factor in the three operating regimes.
The initial operating regime shows a maximum variance of 89%. Theoretically, as the
operating regime increases, variables such as the measured revolutions progressively vary.
However, this variable stabilizes in the maximum performance condition. Alternatively,
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the fuel flow variable shows a minimum value of 96%, indicating that in this condition, this
variable does not affect the disturbances of the system and that the only relevant variables
that affect the variability are the revolutions (Np) delivered by the engine. It is also related
to the ITT variable and the exergy of the engine. The engine behavior is related to the
combustion of the mixture and the ITT temperature and, also, to the delivered power.
Especially, to the engine revolutions (Np) and torque (T). This trend is maintained in all
regimes. With the only exception that the fuel flow is relevant as a significant variable in
the 65% Middle condition. This is probably because of the fuel gauge sensor that tends to
be more sensitive at engine start than at cruising condition.

3.5. Technical–Mechanical Inspection

Finally, a technical–mechanical inspection is conducted to visualize coke and soot
formation, cracks, material detachment, wear, color change, or material friction in the
engine components as shown in Figure 9. The viscosity of the mixture affects the injection
systems since it increases as a function of biodiesel content. This is verified in the inspection
tests of this mechanical component. Coke formation on mechanical components for 25% of
biodiesel in blends is also observed.

The confined section of the cooling devices is disassembled in the internal inspection
of the combustion chamber. The inspection found minor fractures, calcination, and loss
of thermal protection in the hot section. When observing the images, black stains are
evidenced, which reflects the production of surface wear. Likewise, when inspecting the
compressor rotor blades (NG) and power turbine rotor (NF), it is evident that there are
no significant failures due to fractures or pitting. However, there is evidence of minor
deformation in the blades, which do not show considerable impacts in their wear, but there
is evidence of sulfidation and minor corrosion in this area, as shown in Figure 10.

Subsequently, no significant changes are evidenced in the inspection of the power tur-
bine stator and turbine thermocouples. Especially due to the dilatation of components with
relevant surface impacts. Likewise, the compressor stator is verified: no relevant changes
in geometry due to dilatation or fractures are observed. However, slight concentrations
and traces of overtemperature are observed, as shown in Figure 11.

The friction of the tip of the blades against the internal surface is evidenced in turbine
rotor blades. This situation forces the relocation of the segments. It also demands to
conduct a tolerance readjustment, in which the blades are polished to remove the molten
metal due to friction. Finally, these are assembled assuring the established parameters.
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Figure 9. Engine components after evaluation tests with biodiesel and JETA-1 blends: (a) Internal Hot section (mounting
on-field), (b) Stator, (c) Internal Hot section (Front view), (d) Turbine Wheel.

Figure 10. Engine components after evaluation tests with biodiesel and JETA-1 blends: (a) Compressor rotor blades,
(b) Power turbine rotor.
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Figure 11. Engine components after evaluation tests with biodiesel and JETA-1 blends: (a) Turbine thermocouples,
(b) External section of power turbine stator.

4. Discussion

The biofuel blends are suitable for operating at low altitudes: Physicochemical proper-
ties of blends allow their use in military aircraft engines, but the freezing point is too high
for use in civil aviation. The experimental and numerical results of ITT are presented in
Figure 12. In that figure, results are given for each blend against the operation regime (dash
lines). Numerical results (continuous lines) are computed using the numerical software of
the PT6A-61A engine in Bayona-Roa et al. [28]. The ITT variable is directly related to the
combustion kinetics, but indirectly to the compression process. Hence, it gives an insight
of the blend impact on the combustion process.

Figure 12. Comparison between experimental and numerical results: Experimental ITT (Dash Lines).
Numerical ITT (Continuous Line) from Bayona-Roa et al. [13].

The differences in the experimental and simulation can be explained due to the ideal
combustion model for blends in the numerical simulation. In a realistic operating condition,
many variables affect this temperature between turbines, such variations in viscosity and
density of blends, resulting in fluctuations during combustion and subsequently in the
energy delivery of the engine. The operating limits of the ITT and engine speed are
not exceeded. Typically, during start-up of PT6A-61A engines, the ITT generally rises
to 1000 ◦C for 30 s. In normal operation and cruise conditions, 800 ◦C is the normal
operating temperature and finally, maximum temperatures of 850 ◦C are reached for a 5 min
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maximum allowable time during Takeoff. Thus, Biofuel blends are suitable for operating
this type of engine: Critical conditions are not reached at the maximum performance
Np condition. In the experimental results, the blended fuel provides highest ITTs when
compared to computational results. It is also observed that the temperature difference
arising between the fuel decreases with the higher loads. No temperature variation within
the biodiesel blends at all regimes is observed. On the other hand, in the numerical
simulations, we observe greater ITTs given by JETA-1. For that case, ITT depends greatly
on the fuel blend: the maximum temperature of 760 ◦C is obtained with the Jet-A1 fuel, and
the minimum of 700 ◦C, approximately, is obtained with the 25% biodiesel blend. There is
even an 80 ◦C temperature difference between the Jet-A1 fuel and the 25% biodiesel fuel
blend at the Idle regime. Regardless of the fuel type, the temperature results never exceed
a value of 800 ◦C for the full-throttle operation. That condition agrees well with those
reported in the manual: in any case, the maximum ITT complains with the structural safety.

5. Conclusions

Experimental analysis of the behavior of the PT6-A61A engine with conventional JETA-
1 and Biodiesel FAME fuel blends have been achieved. Experimental results demonstrate
a correct engine function. Quantities such as torque, propeller revolutions, inter turbine
temperature, and fuel flow guarantee the engine performance described in the operating
manual. Results at Min Idle 65%, Transient 75%, Transient 90%, Transient 96%, and Take-off
regimes guarantee the manufacturer required performance. That results in the approval
of the use of biodiesel in the PT6A-61A engine fuel. However, the freezing point of fuel
blends is still not suitable for civil aviation, as it has been found to be above the optimal
value of −47 ◦C. However, for military aviation the blends are suitable for operating
PT6A-61A engines, where the maximum altitudes are 12,000 ft. In terms of operation, the
mixtures portray a reduction in their calorific value according to the JETA-1 reference, which
minimally compromises performance. However, the fuel blend viscosity has been found to
affect the injection systems of the engine. In terms of the thermal and mechanical variables,
both the delivered propeller speed and torque have been higher in the case of the biofuel
blends operation. That indicates that the exergy of the blends has been higher. Which
could be explained due to subtle changes in the carbon chains and the C/H and C/O ratio
of the mixtures. Indeed, that has been confirmed by spectroscopic analysis, affecting the
combustion parameters and mechanical performance. Finally, PCA of the experimental
data has indicated that the system is subject to four fluctuations, associated with possible
vibration effects and significant variables in the combustion chamber. That can be explained
by the complexity of the reaction kinetics for mixtures of paraffinic compounds and fatty
acids and their effects on the reaction heat. Thermal performance depends on the energy
values of the fuels. For instance, over the % of biodiesel that directly decreases the lower
and higher heating values. That effect is critical during the ignition process, which has
required more energy to begin the combustion process due to the saturated fatty acids
addition. In this sense, the energy and exergetic efficiency can be compromised. Especially,
in the more demanding regimes such as take-off since fuel consumption has resulted
proportionally higher. The inspection results do not show engine damages, nor to injectors
or turbine blades. Emission measurements could not be performed. However, a reduction
in emissions is expected to occur with biodiesel operation.

As a future work, kinetic combustion models can be coupled to the present model in
order to determine the added heat and the production of gases. It is also possible to analyze
the exhaust gases and the engine control: torque control, pressure control, but especially,
combustion control in the experimental behavior. Other types of engines operating with
biodiesel blends are necessary to be tested in order to achieve a general investigation of the
fossil fuel substitution in the aeronautic sector.
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