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Abstract. In this study, a methodology is proposed for designing turboprop engines and evaluating their off-design
performance. It involves optimization steps for the choice of some of the system design parameters and adaptive scaling
methods for the turbomachinery and propeller maps. Results show that it leads to a good estimation of the performance of
the real architecture of the existing aircraft and is suitable to be used for innovative application such as the sizing of the
engine for advanced propulsion systems like the hybrid-electric architectures with increasing hybridization factor.

INTRODUCTION

In the years, a more and more increasing interest has been earned by new concepts of aircraft propulsion that
involve the introduction of electrification [1]. Fletcher et al. [2] summarized the advantages of hybrid electric
aircraft (improved efficiency at part load, use of excess power generation for auxiliaries, etc.) and put into evidence
that the one of the most significant benefits is the flexibility in configuration and operation. The introduction of
electric and hybrid-electric technology has drastically opened the design space thanks to the synergy with distributed
propulsion and Boundary Layer Ingestion [3]. Besides the proved benefits that electrical devices can bring in terms
of environmental impact, there are obstacles regarding battery technologies mainly, in particular about their specific
energy and power. While waiting for the improvements in batteries, it is interesting to investigate the performance of
hybrid electric power systems with today technology by means of numerical methods and optimization tools that can
allow exploiting the advantages of hybridization through energy management, integration, multi-functionalization,
distributed propulsion, etc. [4]. To this scope, a comprehensive simulation/optimization methodology was proposed
in previous investigations of some of the authors [5] to parallel and series hybrid electric configurations using either
positive displacements engines or fuel cell as fuel converter.
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FIGURE 1. Electrification schemes
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While the hybridization of piston-propelled airplanes uses almost the same schemes, simulation approach and
energy management techniques of the automotive field [6,7,8], the hybridization of turboshaft and turboprop engines
requires a completely new approach because the engine needs to be completely redesigned [9-11]. The most
common electrification schemes for large aircraft are shown in FIGURE 1. Note that the turboelectric configuration
does not involve the usage of batteries as secondary storage system but decouples the production of the mechanical
power (gas turbine shaft) from the generation of the thrust through one or more propellers or fans, thus allowing
distributed propulsions. For a more complete description and comparison, it could be useful to refer to a recent
review performed by Brelje and Martins [12].

The architectures of FIGURE 1 can be described in terms of power and energy hybridization factors 11]. The
power hybridization factor is defined as:

Pgy Py )
Pror Picg + Pem

where Pgy is the power delivered by the motor, Picg is the power from the engine, and Pror is the total
mechanical power transferred to the propeller shaft by the hybrid power system.

The energy hybridization factor HE is defined as:

E

batt (2)
Ebatt + Efuel

where Ey, is the energy stored in the battery, Eg, is the energy content of the fuel tank.

This investigation aims at developing a model to be used for the design and performance analysis of turbo-prop
engines in architectures with increasing HF through an “adaptive scalable model”. The paper consists of three parts.
It starts with the description of the proposed “adaptive scalable model”. Then, the overall optimization process for
the choice of the optimal design is described and applied to a conventional turboprop engine (HE=0 and HF=0) in
terms of equivalent brake specific fuel consumption (EBSFC) and payload weight. The last section performs the
sizing of thermal engine and electric machine in a parallel hybrid-electric configuration with HF ranging from 0 to
0.6. Note that HE is not considered here because the sizing of the battery is not considered in this paper. However,
the proposed methodology for the design of turboshaft engines can be easily included in the overall design of a
hybrid power system [5].

HF =

HE =

SCALABILITY MODEL

Scalability is here meant as the possibility to obtain a good estimation of the behavior of an energy device
starting form data of a reference device with the same technology but different size. The size of the new engine with
respect to the reference one is expressed in terms of scaling factors (S.F.) that are used to build the new (or
modified) map for each component of the engine. The scaling method here proposed (FIGURE 2) uses the library
of compressors and turbines available in the well-known commercial software Gas-turbine Simulation Program
(GSP)[13], and is based on the standard scaling procedure described in[14] but with an innovative approach that we
will call “adaptive scaling”.

Turbomachinery maps from GSP
for compressors and turbines
of different sizes
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with respect to all the
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FIGURE 2. The adaptive scaling method

020061-2



In fact, the standard scaling technique is known to return accurate results only when the scaling factor is around
1 so that the reference component and new one have similar size. In the years, more complex scaling strategies have
been presented in literature (see for example [14]), but the lack of available data in the aeronautical field makes
them often unusable. This problem is addressed here by adaptively changing the reference map in order to keep the
S.F. between 0.75 and 1.25. The block that performs this procedure is called “Choice code” in the flowchart of
FIGURE 2.

As for the propeller map, the authors selected the scaling method proposed by Giannakakis et al. (2016) [15]. In
the computation of the scaled parameters, it takes into account the induced velocity and viscous losses of the new
devices, which differ from the reference propeller.

OPTIMIZATION OF A CONVENTIONAL TURBOPROP ENGINE

The design of the engine is performed with the procedure described in FIGURE 3. The aircraft mission profile is
used as input to compute the propulsive power request at each phase of the flight by using the balance of the forces
acting on the plane (“AERODYNAMICS” block). Then, based on the design-point (DP) conditions, the turbo-gas
engine is designed (“TURBO-GAS DESIGN” block). This block returns the specifications of the engine and the
amount of power to be delivered by the propeller at DP which is used to size the propeller (“PROPELLER
DESIGN” block). After defining the size and the DP-parameters of the engine, an OFF-DESIGN ANALYSIS is
performed (FIGURE 3b).
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efficiency

FIGURE 3. The turboprop model flowchart
The “TURBO-GAS DESIGN” block

The details of the “TURBO-GAS DESIGN” block are explained in FIGURE 4. A database of existing turboprop
engines [16] is considered in order to select the technology (called reference technology) with the propulsive power
nearest to the output of the “AERODYNAMICS” block. Then, the overall pressure ratio (OPR) and the mass flow
rate at the inlet entrance (m,) of the selected device are taken as reference values for the subsequent computations.
The reference value for the maximum total temperature at the burner exit is chosen on the basis of the materials
technologies considered for the new engine.

The evolutionary optimization algorithm called SMS-EMOA (S-Metric Selection Evolutionary Multi-Objective
Algorithm) [17] is used to optimize the design variables that are reported in TABLE 1 together with their bounding
values. During the optimization, the conventional thermodynamic cycle of a turbo-gas engine is considered to obtain
the equivalent break specific fuel consumption (EBSFC, to be minimized) and the propulsive efficiency (n, to be
maximized).
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TABLE 2 reports the assumptions for the thermodynamic cycle at DP. Note that the model considers only a
constant number of spools (two) in the present version, but will be extended to different configurations as future
development. The optimization procedure also checks that the power request is satisfied by means of a constraint.

Existing
turboprop engines
database

Reference values for:
PR, mg

POWER
COMPARISON

Propulsive power request
(from AERODYNAMICS)

A

Turboprop design
variables
PRC, mg, Tyy, lambda

(Optimization|
with SMS-EMOA

TURBO-GAS
THERMODYNAMIC
CYCLE

Y
S Is power e
propuIEiEB ’;%cwency sraetﬂ.;l;\zf:ll? UT:I‘S:S: © ]
¥
Feasible
design
FIGURE 4. Flowchart of “TURBO-GAS DESIGN”
TABLE 1. Turbo-gas design variables
Design variable Mean value Delta
Compressor pressure ratio (PRc¢) OPR of the selected technology from the database  30%
Power split ratio between propeller and jet-flow (L) 0.85 0.10
Air mass flow rate at inlet entrance (my) m, of the selected technology from the database 30%
Maximum temperature at the turbine entrance (Tt,) Based on the material technology 10%
TABLE 2. Assumptions for the thermodynamic cycle at DP
Parameter Nd,is Ne Mo pr Nt Tn,is Nm T]prop
Value 0.97 0.821 0.985 0.94 0.85 0.98 0.98 0.65

The “PROPELLER DESIGN” block

A second optimization with SMS-EMOA is performed in order to find the optimal set of the design variables of the
propeller (TABLE 3) that maximizes its efficiency. The optimization process takes as input the propeller map from
GSP software to be considered as reference, the propulsive power to be delivered by the propeller, and the flight
Mach-number at the design point and computes the new (or scaled) propeller-map through the model of FIGURE
2b for each set of values of the design variables (J, Cp, Nb, and AF). Then, the efficiency and the propeller blades

pitch (Bp) are derived from the new map while the propeller diameter is calculated as follows:

P _ Pp,prop
ax,prop —

Nprop
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]3 ’ Pax,prop
p- V3. Cp
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n =—
prop IR Dprop

prop =

TABLE 3 shows the design variables of the propeller, together with their upper and lower limits.

TABLE 3. Propeller design variables

Design variable Min value Max value
Advance ratio (J) @ design point 0.5 4
Propeller coefficient (Cp) @ design point 0.01 4
Number of blades (Nb) 2 6
Affecting factor (AF) 100 500
Off-design Analysis

The input data of the off-design analysis, described in FIGURE 5, are:
- The flight conditions (free-stream air pressure, temperature, and Mach number);
- The specification of the turbo-gas and the propeller from the design procedure;
- Some parameters assumed to be constant and listed in TABLE 4.
Other assumptions and initializations are reported in the yellow rectangle of FIGURE 5.

TABLE 4. Constant parameters for the off-design analysis

Parameter Nd b PRy, L™

Mo

Value 0.97 0.985 0.94 0.98

0.98
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NOZZLE
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FIGURE 5. Flowchart of the Off-design analysis
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An iteration is run for the evaluation of the corrected mass flow rate at the entrance of the compressor (mc,), so
that the propulsive power delivered by the propeller matches the required power. Then, the turbo-gas
thermodynamic cycle simulated with the turbomachinery and propeller maps found in the design process. Within
the thermodynamic cycle, a second iteration is performed for the temperature at the entrance of the high-pressure
turbine (Tt,), in order to equal, in absolute value, the shaft power of turbine and compressor. The results of the off-
design analysis are the scaled maps, the corrected mass flow rate at the entrance of compressor and turbines, the
Equivalent Brake Specific Fuel Consumption (EBSFC) and the propulsive efficiency at the considered off-design
point.

Validation of the procedure

The “Turbo-Gas Design” procedure is here applied, for validation, to the ATR 72-600. The selected design
points (DP) are take-off for the sizing and cruise for the off-design analysis (TABLE 5).

TABLE 5. Input parameters for the validation[18]

Take-off (DP) Cruise (off-design)

Ppop [MW]  2.05 1.17
M, 0.176 0.46
Zo [m] 0 7315

The optimization for the design process (see TABLE I) was run with the following reference values: PRC=13.2,
my =12.3 kg/s and Tt4 = 1100K. The maps found with the adaptive scaling procedure are shown in Figure 6, where
PR is the pressure ratio, Wc the corrected mass-flow rate, and Nc the normalized value of the corrected number of
revolutions per minute.

a) compressor b) HPT Turbine ¢) LPT Turbine
e e pe e e 4 10
9 >
10/ %35 Z g Ne'
= ) =,
% 8 A = G
'\'\\ g . =
5_ p. b
AN d
g e DY 25 ] °\ 15 2 25 3 35 4
567 8 9101112131415161718 1 15 2 25 3 35 : e :
Woe [kg/s] PR

FIGURE 6 Maps of the engine components found with the adaptive scaling procedure

TABLE 6 shows the comparison between the specifications of the actual engine of the ATR 72-600 (PW127M)
and the input and output parameters of the optimal solution found in this study. Parameter A is considered to be the
same for all flight phases. The comparison is done both at take-off (DP) and cruise (off-design) conditions.

It is possible to observe that the proposed method reaches a good estimation of the performance of the actual
architecture at the best of the authors’ knowledge. Other parameters not available in literature for the PW127M
engine (reported as N.A. in TABLE 6) still show realistic values in the optimal design from this study.

It is important to underline some critical aspects in the choice of Tt,. During several repetitions of the computations,
it was observed that the optimization moved always towards the maximum value of Tt, that sensibly affects the
optimal values of the other parameters, as FIGURE 7 shows, thus the engine performance.

For this reason, the choice of its range is of particular importance for the optimization and depends on the material
technology considered for the new engine. Since the intent of this section is the validation of the model, the authors
considered the value reported for Tt, in TABLE 6 after checking the actual range of the temperature limits of the
PW100’s engines family [19, 20]. Due to the relevant influence of Tt, in the engine sizing, an iteration loop on its
mean value is used. The temperature is increased by 50 [K] at each iteration from the initial value of 1100 [K] if no
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feasible solutions are found by the optimization problem within the range of 1100 K + 10%. This will be critical in
the second section of this paper, where different sizes of the engine are designed and investigated.

TABLE 6. Performance comparison for the turbo-gas model validation

DESIGN POINT (take-off) OFF-DESIGN ANALYSIS (cruise)
PRC 9.24 N.A. - PRC 9.61 N.A. -
A 0.88 N.A. - Ne 0.82 N.A -
Tt, [K] 1210 upto 1073 @SL " [19] Tty [K] 1391 upto 1073 @SL " [19]
m, [kg/s] 15.6 ~16.0 [21] mg [kg/s] 6.63 N.A. -
my [kg/s] 0.30 N.A. - my [kg/s] 0.174 0.212 [18]
PRy, 2.80 N.A. - PRy 2.55 N.A. -
PR, 3.11 NA. - PRy, 2.92 NA. -
mcy [kg/s] 3.61 N.A. - mc, [kg/s] 3.61 N.A. -
mcey; [kg/s] 8.88 N.A. - mcy; [kg/s] 9.57 N.A. -
EBSFC [kg/kW/hr] 0.351 0.273 [22] Mhpt 0.84 N.A -
p 0.65 N.A. - MNipt 0.62 N.A -
M,, [kg] 4232 481.7 [19] | EBSFC [kg/kW/hr]  0.456 N.A. -
My 0.86 N.A. -
" it can vary with the ambient temperature (another source [20] reports values between 1422 — 1533 [K] for the PW100’s engines
family)
16 2
15
14
E
12 0
110200 1300 14‘00 1500 1600 1 7‘00 9
T4 [K]

FIGURE 7. Analysis of the turbine inlet temperatureTt4

The “Propeller Design” procedure is also validated by considering the ATR 72-600 engine propeller, which is an
Hamilton Standard 568F [18]. In this case, the cruise phase is considered as design point, because it is the longest
mission segment along which the device has to guarantee the highest efficiency. The input parameters are the
propulsive power request of a single engine at cruise (0.7 MW) and the Mach number (0.43). The model returns the
values reported in TABLE 7. Again, a good estimation of the performance of the actual architecture is obtained at
the best of the authors’ knowledge.

TABLE 7. Performance comparison for the propeller model validation

DESIGN POINT (cruise)

J 221 NA. -
Cp 033 NA. -
Nblades 6 6 [18]
AF 2385 NA. -
Nprop 0899 NA. -
B NA. -

prop

Dyrop [m] 391 393 [18]
Dyrop [rpm]  994.0  N.A. -
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SIZING A HYBRID ELECTRIC TURBOPROP ENGINE

In this section, the design of the turboprop engine is performed in the framework of a parallel hybrid electric
configuration with a power hybridization factor (Eq. (1)) ranging between 0 and 0.6 with a step of 0.1 The ATR 72-
600 aircraft is considered again as reference and the engine power is reduced from 2.05 MW at HF=0 (full-thermal
configuration of TABLE 5) to 0.82 MW at HF=0.6.

Py = [1 — HF] *Pppp 4
where Py, is the turboprop engine power and P, pp is the total propulsive power required at DP, i.e. 2.05 MW.

The results are presented in FIGURE 8 and FIGURE 9, which show the different sizing of the two converters
(in terms of both power and weight) and the corresponding design variables, respectively. A power-to-weight ratio
of 3 kW/kg is assumed as representative of today electric machines for aircraft propulsion.

2500 | - - - y : ] 800

2000
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FIGURE 8. Contribution of engine and motor to total power and mass as a function of the hybridization ratio

The trends of the design variables are reported in blue in FIGURE 9, while the parameters resulting from the
thermodynamic model are shown in red. Note that the design parameters (PRc, Tt4, m0, and lambda or A) adjust
themselves in order to obtain a value of the propulsive efficiency that is the same for the optimal designs and equal
to 0.65. In particular, m, tends to decrease when HR increases, showing a strong reduction from HF=0 to HF=0.1
that also corresponds to an important rising of Tt,. Then, for HF>0.1, Tt, decreases with HF while m, has a plateau.
The same trend of Tt, is also followed by the air-to-fuel ratio “f”, except for the segment between HF=0.2 and
HF=0.3 where it increases while Tt4 decreases. On the contrary, EBSFC shows a mirrored behavior with respect to
PR that has a steep rise between HF=0.2 and HF=0.3, probably influencing the trend of “f” described above, with a
net differentiation of its value with respect to the value of the full-thermal case. Finally, in the hybrid configurations,
lambda () is always higher than the conventional case, and shows the steepest increase between HF=0 and HF=0.1.

1 - 1600 - 16 - 0.895

10 14 0.89
1500
JQ < ‘2112 50‘585
i = 1400 = £
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1300
7 8 0875
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0.4 0.03 3

1] 0.1 02 0.3 04 05 0.6 01 0.2 D:E 04 0.5 06 0 0.1 0.2 03 0.4 05 0.6 [} 0.1 02 0:3 04 0.5 0.6
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FIGURE 9. Design variables and objective functions of the different configurations, plus other resulting parameters
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It is interesting to understand what happens between HF=0 and HF=0.1, where most of the parameters analyzed
above (Tt4, m0, lambda, f) shows an evident variation with respect to the baseline case (HF=0).

FIGURE 10 shows a comparison between the nominal power of the “reference technology” (from the turboprop
engines database) and the target power of the engine. It is possible to observe that between HF=0 and HF=0.1 there
is a net reduction of the reference power, which at HF=0.1 is farthest from the required value. This explains the
strong increase of Tt4 needed to make up for the not-well-centered mean value of the other design variables. Most
likely, a wider database can keep lower this difference and lead to best solutions.

3000 - 1
=——=Reference from database
==+» Power request

2500

Z 20007}
g

o 1500

o

1000

500

0 01 02 03 04 05 06
HF
FIGURE 10. Power of the reference technology from the turboprop engines database vs power request

CONCLUSIONS

In this study, a methodology is proposed for the design and off-design analysis of a conventional turboprop
engine based on the power request. It includes optimization steps for the choice of the design parameters and
adaptive scaling methods for turbomachinery and propeller maps. The method is thought to be implemented in more
complex simulation-codes for different purposes, such as the development of control strategies for the hybrid
electric propulsion, which will be treated in the future developments. Here, the design method is also used to size a
turboprop as a part of parallel hybrid electric power systems with increasing degree of hybridization. The
methodology was applied ATR 72-600 regional aircraft as test case. The results show that the proposed
methodology leads to a good estimation of the performance of the existing architecture of the ATR 72-600 and is
suitable to be used for innovative application such as the sizing of the engine in hybrid-electric architectures. Future
developments will involve the sizing of the whole power system including batteries based on the target mission
profile of the aircraft.

Nomenclature

PR¢ Compressor pressure ratio Mo Burner efficiency

A (or lambda) Jump of entha'l py repartition between PR, Burner pneumatic efficiency
propeller and jet-flow

Tt, [K] TIT (turbine inlet temperature) N Turbines efficiency: ()np and ()i

my Air mass flow Mn Nozzle efficiency

mg Fuel mass flow Nm Mechanical efficiency

f Air-to-fuel ratio Mprop Propeller efficiency

PRy High pressure turbine (hpt) pressure ratio Ois Isentropic

PRy, Low pressure turbine (Ipt) pressure ratio J Propeller advance ratio

mcy Corrected mass flow at the HPT inlet Cp Propeller coefficient

mcy, Corrected mass flow at the LPT inlet Nb Number of propeller blades

EBSFC Equivalent brake specific fuel consumption AF Propeller affecting factor

Mo Propulsive efficiency M, Flight Mach number

My, Turboprop engine mass Zy Flight altitude

Ndis Inlet isentropic efficiency Ppreq Propulsive power request

020061-9



Ne

10.

11.

12.

13.
14.

15.
16.
17.

18.
19.

20.
21.

22.

Compressor efficiency P, Engine Propulsive power
SL Sea Level conditions
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