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Abstract

Aero gas turbine engines, given their key role in aviation, have parameters that depend on flight conditions, and those parameters are extensively
modeled using several approaches. Recently, energy and exergy metrics have revealed the engine’s characteristics. In this study, flight-condi-
tion-based efficiency modeling is performed for the PW127-E turboprop engine and its components as employed in regional aircraft, thereby
facilitating prediction of efficient operating points. Before exergetic analysis, thermodynamic data are obtained from real parametric cycle anal-

yses for each component. Using regression analysis, energy and exergy parameters were modeled using cycle data across Mach numbers ranging
from 0 to 0.6 and altitudes ranging from 0 to 6 km. Accordingly, the exergy efficiency of the combustor ranges from 71.37% to 74.37%, whereas
that of the power turbine ranges from 95.46% to 96.27%. However, the exergy-destruction values for those ranges were between 1508 kW and
3121 kW and between 44.66 kW and 113.02 kW, respectively. On the other hand, R2 value of combustor exergy efficiency is computed as 0.9301
at linear model and 0.9997 at quadratic model whereas that of exergy efficiency of power turbine is measured as 0.9871 and 1, respectively. The
results indicate that the exergetic parameters of components, when modeled as a function of flight conditions, exhibit a distinct pattern. Some
components demonstrate nearly linear behavior, whereas others conform to a quadratic model. Due to the low model error in exergy, this study
contributed significantly to the prediction of the exergetic parameters of components under flight conditions.
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1. Introduction

Aircraft gas-turbine engines are designed to be relatively reli-
able despite their sophisticated systems. Therefore, these en-
gines have attracted remarkable attention in different fields,
which leads to special focusing on each of their systems [1].
Turboprop engines have, in particular, powered regional air-
craft, a growing sector, because of their promising advantag-
es, such as efficiency. Due to the importance of efficiency and
its challenging role, scientists focus on increasing efficiency
in every area of industry [2]. Moreover, gas turbine engines
are affected by several factors, such as environmental impacts
and the need for aircraft renewal. Especially, environmental is-
sues have been dealt with by international associations such as
ICAO, ATAG and IATA [3]. Since these have set several goals
to mitigate the effects of global warming, the aviation sector

could face challenges implementing these goals with existing
technologies. According to Paris Aggrement, temperature rise
is restricted by 1.5 °C compared with pre-industrial years [4].
Therefore, substantial effort is required of all states and stake-
holders to maintain the established goals. The aviation sector’s
steady growth has resulted in negative consequences, includ-
ing increased emissions and noise pollution. In other words,
it accounts for 2.1% of human-induced CO, emissions. When
considering emissions worldwide, 914 million tonnes of CO,
were produced in 2019 due to performed flights [5]. To tackle
this concern, three pillars such as alternative fuels, operational
measures and implementation of new technologies involving
tully electrical aircraft and blended wing body are explicitly
expressed in the literature [6] When it comes to greenhouse
gases, CO, and H,O are two main emissions, which are pro-
duced 3.16 kg and 1.23 kg per unit fuel of 1 kg, respective-
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ly. Of which, CO, resides a long time in the atmosphere [7]. When
considering the open literature about thermal modeling and opti-
mization of several systems, there are many studies [8, 9]. This study
examines turboprop engines used in aircraft, particularly regional
ones. In this context, Kim et al. [10] aimed to determine the most
effective method for updating the thermodynamic cycle model of a
turboprop engine based on measurement data. A performance-ad-
aptation approach was applied to improve the accuracy of the mod-
el, and three methods (Newton-Raphson + RCF, GA + RCE and
GA) were compared. According to the results, all methods achieved
higher accuracy than the existing model, and the Newton-Raphson
and RCF-based approaches showed the highest accuracy and low-
est computational cost. Using this method, the maximum relative
errors for fuel mass flow rate, compressor outlet pressure, and ex-
haust gas temperature were found to be 4.29%, 1.36%, and 3.49%,
respectively.

Nicolosi et al. [3] investigated the design of a modern high-capac-
ity turboprop aircraft with lower environmental impact compared
to regional jets used for short and medium-range flights. Multi-
disciplinary optimization of three architectural configurations de-
termined that a three-lifting-surface configuration for a 1600-NM
range provided approximately 17.24% fuel savings. Compared with
a new regional jet model developed under the same design require-
ments and with a 130-seat capacity, the turboprop configuration
maintained its environmental advantage despite a decrease in block
fuel savings from 7.24% to 5.96%. Kayaalp and Metlek [11] estimat-
ed exhaust emission indices based on air-fuel ratio, shaft speed, and
fuel flow in the T56-A-15 turboprop engine. The performance of
the model was evaluated using mean squared error (MSE), normal-
ized mean squared error (NMSE), and mean absolute error (MAE).
The MAE values for CO, CO,, UHC, and NO, were 0.1473, 0.0442,
0.0369, and 0.0028, respectively. As a result, the model demon-
strated high accuracy, yielding error values of 0.0266 for emission
data and 7.6165x10'° for combustion efficiency. Furthermore,
Jakubowski and Jaklinski [12] constructed a computational model
of a free power turbine engine within the MATLAB R2024b envi-
ronment to evaluate engine performance. The model was developed
to couple the engine geometry (determined at the design point)
with variations in main-component performance by accounting for
changes in operating conditions, such as rotor speed and environ-
mental factors. The model, validated with data obtained from the
PZL-3W engine, produced results showing strong agreement with
experimental and literature data, demonstrating that engine perfor-
mance could be reliably simulated. Kim et al. [13] developed a per-
formance adaptation method to improve the prediction accuracy of
a turboprop engine model based on flight condition measurement
data. In this method, the efficiencies of the high-pressure compres-
sor (HPC) and the power turbine (PT), the corrected mass flow rate,
the HPC outlet pressure, and the high-pressure turbine (HPT) out-
let temperature were adjusted using adaptation factors. The compar-
isons across ten operating points showed that the updated engine
model significantly reduced the error relative to the measurement
data collected under flight conditions. Lastly, Sharfabadi et al. [14]

established a thermodynamic model of a turboprop engine and ex-
amined the performance relationships of components under on-de-
sign and off-design operating conditions. Performance curves for
different turbine inlet temperatures, altitudes, and Mach numbers
were compared and validated using GasTurb software. According
to the results, a 10% increase in combustion-chamber pressure loss
increases specific fuel consumption by 14%, whereas a 10% decrease
in combustion efficiency increases specific fuel consumption by 13%
and reduces engine power by 17.5%.

2. Exergetic studies related to turboprop engines

Aydin et al. [15] examined exergetic sustainability indicators for a
turboprop engine in eight different flight phases. The results showed
that the maximum exergy efficiency was 29.2%, the minimum waste
exergy ratio was 70.8%, and the highest exergetic sustainability in-
dex was 0.41. During the taxi and landing phases, the exergy efhi-
ciency and exergetic sustainability index reached their lowest values,
20.6% and 0.26, respectively. Sahu and Choudhary [16] analyzed a
cooled gas turbine-based turboprop engine from exergetic and ex-
ergoeconomic perspectives, examining the irreversibilities and in-
efficiencies in all engine components. As a result, the energetic and
exergetic efficiencies of the air-cooled turboprop engine were 28.6%
and 27.6%, respectively. Component-based exergetic efficiencies
were 92.5% for the compressor, 76.8% for the combustion cham-
ber, 92.2% for the gas turbine, 95.4% for the power turbine, 98% for
the reduction gearbox, and 99% for the exhaust diffuser. Balli [17]
presented exergetic and sustainability analyses of a medium-scale
turboprop engine (m-TPE) utilized in Unmanned Aerial Vehicles
(UAV). The exergy efficiency of the overall engine was calculated to
be 17.24%. When examining component-based exergy efficiencies,
the compressor reached 87.21%; the combustor reached 52.51%; the
gas-generator turbine reached 98.53%; the power turbine reached
97.40%; and the exhaust duct reached 94.29%. Atilgan and Turan
[18] achieved calculation of the dynamic exergy parameters for the
compressor, combustion chamber, gas generator turbine, and power
turbine by utilizing measured engine parameters, and based the ex-
ergoeconomic assessment on these results. According to the results,
the exergy efficiency of the compressor remained approximately
constant across all torque settings, with values of 0.85 at 240 Nm and
0.84 at other torque settings. Moreover, in the combustor the values
were 0.76 at 240 Nm, 0.79 at 350 Nm, 0.81 at 485 Nm, and 0.82 for
the remaining torques. The exergy efficiency of the gas-generator
turbine varied between 0.92 and 0.97; that of the power turbine var-
ied between 0.90 and 0.94; and that of the whole turboprop engine
increased from 0.21 to 0.29 as torque increased from 240 Nm to
630 Nm. Dinc and Gharbia [19] computed main performance pa-
rameters of a turboprop engine such as exergy efficiency, shaft pow-
er, specific fuel consumption, fuel flow rate, and thermal efficiency
within the range of 0-14 km altitude and Mach 0-0.6 speed. Ac-
cording to the study, the turboprop engine’s exergy efficiency ranged
from 23% to 33%, while its thermal efficiency ranged from 25% to
35%. Dursun et al. [20] measured performance and thermodynam-
ic parameters of a conceptual turboprop engine (C-TPE) at fifty
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different power settings and predicted these outputs by employing
ANN and LSTM methods. Fuel flow rate, air mass flow rate, exhaust
velocity, compressor pressure ratio, turbine outlet temperature, and
revolutions per minute were used as inputs; net thrust, SFC, overall
efficiency, exergy efficiency, and environmental impact factor were
modeled as outputs. According to the results, the exergy efficiency
remained in the range of 23.93%-26.2%. In exergy-efliciency mod-
eling, ANN achieved an R?* of 0.956493, whereas LSTM achieved
an R* of 0.999061. Baklacioglu et al. [21] presented a deep artifi-
cial neural network (ANN) approach supported by a genetic algo-
rithm (GA) to predict the relative exergy destruction of turboprop
engine components. Increasing the number of hidden layers and
appropriately selecting network weights significantly improved pre-
diction accuracy compared to models with fewer layers. The ANN-
GA hybrid structure further enhanced the accuracy (R) to values
between 0.998929 and 0.999966. Kirmizi et al. [22] examined the
performance and energy analyses of a turboprop engine operating
at altitude of 6.7 km and Mach 0.59, considering design variables
such as TIT (1200-1400 K), CPR (16-20), and propeller efficiency
(PE = 0.7-0.98). Overall, efficiency increased as PE increased (from
21% to approximately 40%) and as TIT increased (from 26.3% to
28.12%), but decreased as CPR increased (from 27.6% to 23.5%).
In multiple regression analysis, linear modeling yielded an R* of
0.97 for SFC and total efficiency; second-order modeling increased
the R* to more than 0.99, and even linear approaches in models in-
cluding PE resulted in an R* of 0.99. Lastly, Onur and Aygun [23]
examined the performance parameters (SFC, thrust, thermal, and
overall efficiency) of a turboprop engine for both ideal and actual
conditions across altitudes of 0-9 km and Mach numbers of 0.3-0.6,
and for design parameters (overall pressure ratio and turbine inlet
temperature) ranging between 12-15 and 1200-1400 K, respectively.
This study differs from the present study with respect to input vari-
ables, examined parameters, and methods.

A literature review reveals exergetic studies of various turboprop
engines conducted at the design point, across different flight phases,
and considering different design variables. The lack of compo-
nent-level modeling of exergetic parameters is the main motivation
for this study. The originality of this study lies in the modeling of
the exergy efficiency and exergy destruction of the PW127-E en-
gine and its components across flight conditions. To summarize the
analyses presented here, we performed (i) component-level exergy
analysis; (ii) analysis of the effect of Mach number and altitude on
exergy parameters; and (iii) regression analysis of component exer-
gy efficiencies using the obtained dataset.

3. System description

PW100-series turboprop engines power regional aircraft that seat
30-90 passengers and have ranges of up to 750 miles. The engines
offer high reliability, efficiency, and long life, and their versatili-
ty allows them to be used in a variety of applications [24]. These
consist of a three-shaft turbomachinery with a free turbine and a
reduction gearbox [25]. In this study, the analyses are performed

on a turboprop engine similar to the PW127-E. Figure 1 shows a
two-dimensional cross-sectional view of the PW127 turboprop en-
gine. Moreover, Table 1 presents the key features of the related tur-
boprop engine.

Propeller

—

?

|

Figure 1. Representative drawing of typical PW127 engine

Table 1. Specifications of turboprop engine [23, 26]

Parameters Nominal values
Ambient temperature (K) 288.15
Ambient pressure (kPa) 101.325
Air mass flow (h, ) (kg/s) 8.5
Overall pressure ratio 15.7
Turbine inlet temperature (K) 1260
Power (kW) 1790
Overall weight (kg) 480.8

4. Methodology

In this study, the inlet and outlet pressures and temperatures of the
components, the air mass flow rate, and the fuel flow rate are com-
puted using parametric cycle analysis. Then, an exergy analysis is
carried out for each component. Moreover, regression analysis was
conducted to model component exergetic parameters based on the
obtained dataset. Several fundamental assumptions were adopted
when performing exergy analysis: (i) steady-state conditions were
assumed for the operation of the turboprop engine; (ii) both air and
combustion products were modeled as ideal gases; (iii) complete
combustion was assumed; and(iv)variations in kinetic and potential
exergy were omitted.

4.1. Exergetic relations

The phsyical exergy () for working fluid is measured as follows
(17,27, 28]:

lbz(h-ho)'To(S-So) (1)

where h and s represent enthalpy and entropy, respectively.
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Assuming constant specific heat, the physical exergy of air and gas
can be calculated using Eq. 2.

Ex = rha[cp<T “T,- Tl )+ RTgln%]
(2)

where rh,, Tand P denote air mass flow, temperature and pressure,
in turn.

For any turbomachinery component, the exergy change could be
represented as follows [29].

A'llf=1~lf2'ﬂf1=(h2'h1)'To(Sz'Sl) (3)

compressor

A

ma;,

Similar to energy, exergy can be transferred between a system and its
surroundings through mass, work, and heat interactions. To formu-
late the exergy balance, all of these modes of transfer must be taken
into account within a defined control volume. For steady-state con-
ditions, the exergy balance can be expressed as follows.[27, 30, 31]:

(R WX me Y Xe =S @

4.2. Application of exergy analysis to components of turboprop
engine

Calculating exergy destruction and exergy efficiency requires de-
termining the actual and ideal work(exergy)of the components.
Formulas for these parameters are presented for each component.
Figure 2 depicts the main components of a turboprop engine.

mgas,in

Lo

turbine

mgas,ou

Figure 2. Cross section of turbomachinery and combustor components

4.3. For booster and high pressure compressor

In this section, the actual work, exergy destruction, and exergy efhi-
ciency formulas are provided for the booster and HPC [28, 32, 33].

Woeomp = ou (o - hin) (5)
EXestcomp = Woeomp - (EXoutcomp - EXincomp) (6)

_ 1 EXdesl,comp (7)
Tex.comp = Wmmp

where W, represents real work regarding compressor whereas

EXesicomp ad Neccomy denote exergy destruction and exergy efficien-
cy, respectively.

4.3. Combustor

In this section, the fuel exergy, exergy destruction, and exergy effi-
ciency formulas are provided for combustor.

Exin,ﬁlel = rthLHVE (8)
Exdest,comb = Exin,comb + Exin,fuel - Exout,comb (9)
. 10
EX dest.comb ( )
Mexcomp = 1

Exin,comb + Exin,fuel
4.4. Turbine units

In this section, the actual work, exergy destruction, and exergy efhi-
ciency formulas are provided for the HPT, IPT and PT units.

W(urb = rhout (hin - hout) (11)
Exdest,turb = (Exin,turb - Exout.lurb) - W(urb (12)
Tecus = 1 S (13)

(Exin,turb - EXou(,mrb)



Yuksel O., Aygun H.

where W represents real work regarding compressor whereas
EXgesun and Mewn denote exergy destruction and exergy efficiency,
respectively.

4.5. Regression analysis

It is a method for determining the relationship between a variable
and other variables. It typically examines the relationship between
the dependent variable Y and the X variables, often called indepen-
dent or explanatory variables. The dependent variable has a numer-
ical value, whereas the independent variables can be numerical,
binary, or multi-categorical [34]. The objectives and methods of
simple linear regression can be extended to multiple linear regres-
sion models to include additional predictor variables. This study ex-
amines the relationships between the dependent variables (exergy
destruction and exergy efliciency) and the independent variables
(Mach and altitude). In this model, the coefficients are determined
to minimize the sum of squared residuals values, as in the simple
linear regression method [35]. Generally, the dependant variable in
multiple linear regression can be related to n regressors, X, Xz, ...
and x, [36].

Vi = BO+B1Xi+€i (14)

where €;is random error component and 3, and (3, are unknown
constants. To forecast,and P., technique of the least squares is
employed [36].

n (15)
S(BaBi) = 2 (yi- Bo- Bix ) = (e1)

In this study, modeling performance is determined by sum squared
error (SSE), root mean square error (RMSE) and coefficient of deter-
mination (R®), respectively.

. (16)

SSE = Z(y -
(17)

RMSE = \/%
(18)

> (yi- Y
R=1-S - ——5
S vV

where yi, y, and vy, denote real, predicted and average of values,
respectively.

Figure 3 shows the steps for modeling component exergy param-
eters. Accordingly, Mach and altitude are specified. Then the ther-
modynamic parameters (temperature and pressure) are computed.
Based on this, an exergy analysis was performed, and regression
analysis was applied to six components using the obtained dataset.

Flight conditions (Altitude, Mach)

v

Station thermodynamic data for inlct-outlet.
of components

v

Calculation of exergetic parameters
on a component basis

v

—

No *Exergy destruction

*Exergy efficiency

Application of regression
analysis

Satisfying the stopping criteria

¢ Yes
v
‘ Plotting exergetic parameters Modeling of exergetic parameters of PW127-E
Stop

Figure 3. Flowchart of modeling of turboprop engine components

5. Results and discussion

This study analyzes how exergy destruction and exergy efficiency of
the six main components of a turboprop engine (booster, high-pres-
sure compressor, combustor, high-pressure turbine, intermediate
turbine, and power turbine) vary with altitude and Mach number.
Additionally, the results, based on the obtained data, of linear and
quadratic regression analyses of the components are presented.

Figure 4a shows the variation in exergy destruction associated with
the booster at different Mach numbers and altitudes. Accordingly, it
varies between 32.908 kW and 93.794 kW for both flight variables.
When Mach is held constant at 0.3, exergy destruction decreases
from 80.28 kW to 34.72 kW, corresponding to a 56.75% reduction at
elevated altitude. Furthermore, at a constant altitude of 3 km, it in-
creases from 50.78 kW to 62.61 kW, representing a 23.29% increase.
When it comes to modeling findings, R* of the booster exergy ef-
ficiency is measured as 0.979 in linear modeling whereas it is en-
hanced to 0.9994 in quadratic modeling.

Figure 4b illustrates the variation in the exergy destruction of the
HPC component across flight conditions. Exergy destruction is
observed between 66.803 kW and 191.128 kW across both vari-
able ranges. Accordingly, at a constant speed of Mach 0.3, exergy
destruction decreases from 163.44 kW at 0 km altitude to 70.5 kW
at 6 km. However, at a constant altitude of 3 km, exergy destruction
increases from 103.28 kW to 127.45 kW. Finally, for HPC exergy
destruction, R” is found to be 0.9828 with the linear model, while it
improves to 0.9995 with the quadratic model.

Figure 4c shows the trend in exergy destruction in the combustion
chamber as a function of altitude and Mach number. According-
ly, this parameter was determined to be between 1508.379 kW and
3121.8 kW. When the Mach number is held constant at 0.3, the ex-
ergy destruction decreases from 2870.59 kW to 1562.12 kW with
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increasing altitude. Moreover, at an altitude of 3 km, the exergy de-
struction of the combustor increases from 2083.84 kW to 2355.66
kW. On the other hand, according to the modeling findings, while
the magnitude of R is computed as 0.9927 in the linear model, it is
improved to 0.9999 in the quadratic model.

Table 2 presents the error values and R’ values related to the model-
ing success of exergy destruction for the booster, HPC, and combus-
tion chamber. When the polynomial model changes from linear to
second-degree form, improvement is observed. Namely, the RMSE
value for the booster decreases from 2371 to 393.1, whereas for the
HPC it drops from 4476 to 720.4. Finally, the RMSE for the combus-
tion chamber improves from 3.988*10" to 0.4066*10".

Table 2. Model errors regarding exergy destruction of booster, HPC and combustor

Exergy
destruction Linear modeling Quadratic modeling
SSE RMSE SSE RMSE R’
8 6
Booster 2387710 2371 0979  6.645*10 393.1 0.9994
9.215*10° 4476 0.9828  2.231%10° 720.4 0.9995
HPC
731510 3.988*10" 09927  7.108*10°  0.4066*10" 0.9999
Combustor

Figure 5a shows the variation of exergy destruction in the high-pres-
sure turbine (HPT) as a function of Mach number and altitude. In
this regard, it ranges between 26.51 kW and 97.89 kW for both
flight variables. At Mach 0.3, exergy destruction decreases from
78.66 kW to 28.57 kW, representing a 63.67% reduction attribut-
able to increased altitude. Furthermore, at a constant altitude of 3
km, it increases from 44.77 kW to 60.02 kW, representing a 34.06%
increase. When it comes to modeling findings, R” of the booster ex-
ergy destruction is measured as 0.9679 in linear modeling whereas
it enhances to 0.9988 in quadratic modeling.

Figure 5b depicts the variation in exergy destruction of the inter-
mediate power turbine (IPT) under different flight conditions. Ex-
ergy destruction ranged from 12.20 kW to 46.84 kW across the two
variable ranges. Accordingly, at a constant Mach number of 0.3, ex-
ergy destruction decreases from 37.23 kW to 13.18 kW as altitude
increases from 0 to 6 km. Furthermore, at a constant altitude of 3
km, exergy destruction rises from 20.85 kW to 28.28 kW. Finally,
for HPC exergy destruction, R’ is found to be 0.9652 with the linear
model, while it increased to 0.9987 with the quadratic model.

Figure 5¢ shows the trend in exergy destruction in the power tur-
bine (PT) with respect to altitude and Mach number. In this con-
text, this parameter is observed to lie between 44.66 kW and 113.02
kW. At a constant Mach of 0.3, the exergy destruction decreases

from 88.72 kW to 48.69 kW as altitude increases. Moreover, at an
altitude of 3 km, an increase in the exergy destruction of the power
turbine, from 61.62 kKW to 85.64 kW, was observed. On the other

hand, according to the modeling findings, whereas the R* value is
calculated as 0.9650 in the linear model, it improves to 0.9999 in the
quadratic model.

Table 3 illustrates the error values and R’ values related to the mod-
eling success of exergy destruction for the HPT, IPT, and PT. As can
be seen in table 3, the RMSE value for the HPT decreases from 3389
to 663.6, whereas for the IPT it drops from 1701 to 345.1. Finally, the
RMSE for the PT decreased from 3159 to 541.5.

In the following section, the results are presented in Figures 6 and 7,
along with exergy efficiency and its modeling. Figure 6a shows the
variation of booster exergy efficiency as a function of Mach number
and altitude. Accordingly, it varies between 93.131% and 93.599%
across both flight variables. When Mach is kept constant at 0.3, ex-
ergy destruction increases slightly, from 93.25% to 93.26%, at elevat-
ed altitude. Furthermore, at a constant altitude of 3 km, it increas-
es from 93.13% to 93.59%, an increase of 0.46%. When it comes to
modeling findings, R” of the booster exergy efficiency is determined
as 0.9317 in linear modeling whereas it enhances to 0.9999 in qua-
dratic modeling.

Figure 6b illustrates the variation in the exergy efficiency of the
HPC component as a function of flight conditions. Exergy efficiency
ranges between 93.531% and 93.991% across both variable ranges.
Accordingly, at a constant speed of Mach 0.3, exergy destruction in-
creased from 93.639% to 93.689% as altitude increased from 0 to 6
km. However, at an altitude of 3 km, exergy destruction increases
from 93.556% to 93.966%. Finally, for HPC exergy destruction, R*
is found to be 0.9326 with the linear model, whereas it enhances to
0.9999 with the quadratic model.
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Table 3. Model errors regarding exergy destruction of turbine units

Exergy destruction Linear modeling
SSE RMSE
HPT 5.284*10° 3389
IPT 1331710° 1701
PT 4.589*10° 3159

Quadratic modeling
R’ SSE RMSE R’
0.9679 1.893*107 663.6 0.9988
0.9652 5.121%10° 345.1 0.9987
0.9650 1.261%10° 541.5 0.9999

Figure 6¢ shows the variation of exergy efficiency of the combustion
chamber with altitude and Mach number. This parameter ranges
from 71.378% to 74.372%. At Mach 0.3, the exergy efficiency de-
creases from 72.668% to 71.851% as altitude increases. At an altitude
of 3 km, the combustor’s exergy efficiency increases from 71.64%
to 73.74%. On the other hand, according to the modeling
findings, while the R” value is calculated as 0.9301 in the lin-
ear model, it improves to 0.9997 in the quadratic model.

Table 4 depicts the error values and R’ values related to the modeling
success of exergy efficiency for the booster, HPC, and combustion
chamber. As can be understood, the RMSE value for the booster
decreases from 4.285*10™ to 1.86*10”, whereas for the HPC it di-
minishes from 3.851*10™ to 1.653*10”. Finally, the RMSE for the
combustion chamber improves from 2.139*10” to 1.41¥10™,

Table 4. Model errors regarding exergy efficiency of booster, HPC and combustor

Exergy efficiency Linear modeling
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Figure 6. Exergy efficiency and modeling of booster, HPC and combustor units
SSE RMSE R SSE RMSE R’
% K 5
Booster 8.445*10 0.0004285 0.9317 1.488*10 1.86*10 0.9999
HPC 6.82310° 0.0003851 0.9326 1.175*10" 1.653*10° 0.9999
-7
Combustor 0.0002105 0.002139 0.9301 8.548*10 0.000141 0.9997

Figure 7. Exergy efliciency and modeling of turbine units

Figure 7a illustrates the variation in exergy efficiency of the HPT
across different Mach numbers and altitudes. Accordingly, it varies
between 97.048% and 97.563% for both flight variables. When Mach
is held constant at 0.3, exergy efliciency increases from 97.087% to
97.554%, which corresponds to a 0.467 percentage-point increase
due to an increase in altitude. Furthermore, at a constant altitude
of 3 km, it decreases from 97.335% to 97.291%, corresponding to

Linear modeling
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a 0.044% decrease. When it comes to modeling findings, R” of the

booster exergy efficiency is measured as 0.9991 in linear modeling
whereas it enhances to 1 in quadratic modeling.

Figure 7b illustrates the variation in the IPT unit’s exergy efficiency
under different flight conditions. Exergy efficiency ranged between
96.956% and 97.567% across both variable ranges. Moreover, at a
constant speed of Mach 0.3, as altitude increases from 0 to 6 km, the

Quadratic modeling
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exergy efficiency increases from 97.024% to 97.552%. At a constant
altitude of 3 km, the exergy efficiency decreases from 97.313% to
97.242%. Finally, for IPT exergy efficiency, R’ is found to be 0.9976
with the linear model, while it increased to 1 with the quadratic
model.

Figure 7c shows the variation in the exergy efficiency of the PT with
respect to altitude and Mach number. Accordingly, this parameter
ranged between 95.465% and 96.273%. When the Mach number is
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held constant at 0.3, the exergy efficiency increases from 95.653%
to 96.218% as altitude increases. At an altitude of 3 km, the exergy
efficiency of PT decreases from 95.993% to 95.758%. On the other
hand, according to the modeling findings, while the R value is com-
puted as 0.9876 in the linear model, it improves to 1 in the quadratic
model.

Table 5. Model errors regarding exergy efficiency of turbine units

Exergy efficiency Linear modeling
SSE RMSE
HPT 1126107 4.948*10"
IPT 3.698°107 8.966*10"

PT 2.58*10° 0.0002368

Quadratic modeling
R’ SSE RMSE R’
0.9991 1.117%10° 5.097%10° 1
0.9976 7.282*10° 1.301%10° 1
0.9876 4.896*10° 1.067¢10° 1
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Table 5 tabulates the error values and R” values related to the mod-
eling success of exergy efficiency for the HPT, IPT, and PT. As can
be seen in table 5, the RMSE value for the HPT decreases from
4.948%10” to 5.097*10°°, whereas for the IPT it drops from 8.966*10
’t0 1.301*10°. Finally, the RMSE for the PT improves from 2.36810™
to 1.067*10°.

Figure 8 depicts the variation in the overall exergy efficiency of
the PW127-E engine across different Mach numbers and altitudes.
Accordingly, it fluctuates between 26.46% and 33.08% across both

Linear modeling
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flight variables. When Mach is kept constant at 0.3, exergy effi-
ciency increases from 27.48% to 30.25%, which corresponds to an
improvement of 2.77 percentage points attributable to elevated alti-
tude. Furthermore, at a constant altitude of 3 km, it increases from
27.96% to 31.87%, representing a 3.91% increase. When it comes
to modeling findings, R’ of exergy efficiency of the whole engine is
measured as 0.9483 in linear modeling whereas it enhances to 1 in
quadratic modeling.
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Figure 8. Exergy efliciency and modeling of overall turboprop engine

Table 6 presents comparative results from the current and previous
studies. Accordingly, the exergy efficiency results obtained are con-
sistent with those reported in the literature. In other words, while
the exergy efliciency for the overall turboprop engine is found to be

between approximately 26% and 33%, values in the literature range
from approximately 20% to 33%. This difference can be explained
by the characteristics of the engine under study and the types and
ranges of the input parameters examined.

Table 6. Comparative results of exergy efficiency and R*

Overall turboprop engine Exergy efficiency (%) R?
Ref. [15] 20.6%-29.2% NA
Ref. [18] 21%-29% NA
Ref. [19] 23%-33% NA
Ref. [20] 23.93%-26.2% 0.956493-0.999061
Present study 26.46%-33.08% 0.9483-1

Lastly, table 7 shows the error values and R” values related to the
modeling success of exergy efficiency for overall engine of PW127-E
turboprop engine. Accordingly, the RMSE value for the engine de-
creases from 3.836*10” to 9.151*10".

Table 7. Model errors regarding exergy efficiency of the overall engine

Exergy efficiency Linear modeling
SSE RMSE
0.0006768 0.003836

PW127-E

Quadratic modeling

R SSE RMSE R

0.9483 3.601%10" 9.151*10" 1
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6. Conclusion

Recently, studies of turboprop engines, a type of aircraft engine,
have become increasingly prevalent. To the best of the authors’
knowledge, this study is the first to perform exergy and regression
analyses of PW127-E turboprop engine components under flight
conditions. Specifically, temperature, pressure, and airflow for the
components under each flight condition are obtained via parametric
cycle analysis. Then, an exergy analysis is applied to six units of the
turboprop engine. In this context, exergy destruction and exergy ef-
ficiency are calculated for each component. Modeling is performed
on the obtained dataset using regression analysis. To summarize the
analysis remarks,

o The effect of altitude on exergy destruction is found to be as
significant as that of the Mach number. Exergy destruction
varies approximately between 45% and 65% with changes
in altitude and between approximately 13% and 38% with
changes in Mach number.

o The exergy efliciency of the combustion chamber was ob-
served to range between 71.378% and 74.372% depending on
altitude and Mach number. This change corresponds to ap-
proximately 3%.

« Using the quadratic model significantly improves the model-
ing of exergy destruction in turbine units. R* increases from
approximately 0.96 to over 0.99.

In the exergy efficiency model, the exergy efficiencies of the booster,
high-pressure compressor, and combustor units from an R* of ap-
proximately 0.93 to an R? of over 0.99 owing to the quadratic model.

Lastly, the exergy efficiency of the overall turboprop engine varied
between 26.46% and 33.08%, corresponding to a variation of 6.62%.

This study found that turboprop engine components can be mod-
eled with a relatively low error rate. This analysis demonstrates that
it can be applied to other aviation engine components. Modeling can
optimize exergetic parameters under different flight conditions. In a
future study, turboprop exergetic parameters could be predicted us-
ing machine learning algorithms for comparative evaluation. Based
on this analysis, a multi-objective optimization of the turboprop en-
gine’s thermodynamic parameters with respect to flight conditions
and design parameters can be performed.
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Nomenclature

ANN  Artificial neural network
CPR Compressor pressure ratio
h Enthalpy(k]J/kg)

HPC High-pressure compressor
HPT  High-pressure turbine

IPT Intermediate-pressure turbine
m Mass flow(kg/s)

MAE  Mean absolute error

P Pressure(kPa)

PE Propeller efficiency

PT Power turbine

R’ Coeflicient of determination
RMSE  Root mean square error

s Entropy

SSE Sum squared error

TIT Turbine inlet temperature
UAV Unmanned aerial vehicle
Greek symbols

v Physical exergy

M Efficiency

B Constant

Subscripts

a Air

f Fuel

PH Physical
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