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This study presents the results of energetic and exergetic analyses of T56 turboprop engine at various
power loading operation modes (75%, 100%, Military and Takeoff). The energetic and exergetic perfor-
mance evaluations were made for both the shaft power (Case A) and the shaft power plus the kinetic
energy of exhaust gaseous (Case B). The energetic efficiency was calculated to be maximum at 25.4%
for Case A and 28.1% for Case B while the exergy efficiency was obtained to be maximum at 23.8% for Case
A and 26.3% for Case B at Takeoff mode, respectively. The maximum exergy destruction rate occurred
within the combustion chamber. It increased from 4846.3 kW to 6234.1 kW depending on operation
modes. The exergetic performance parameters, such as the relative exergy consumption, the fuel deple-
tion ratio, the productivity lack ratio, the improvement potential and the fuel-production ratio, were also
investigated. The fuel energy-production ratio decreased from 4.6 to 3.9 while the fuel exergy-production
ratio decreased from 4.9 to 4.2 by increasing the produced shaft power and residual thrust. The results
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provided here can be helpful to regulate and select operation modes for these engine users.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The future world economy is envisioned to be truly global
where national boundaries become diffused by interdependent
commerce. This future vision only can be realized if there is a
revolutionary change in transportation systems, enabling greater
mobility of people and products with improved safety, timeliness
and convenience. Propulsion and power capabilities are the foun-
dation, on which future subsonic and supersonic transport aircraft
will shape the aviation landscape and establish this global conduit
of commerce. Propulsion innovations have been the fundamental
driver for progress in air transportation. Enormous advances in
propulsion performance and efficiency have made it possible for
aircraft to travel at higher speeds over longer distances while
carrying larger payloads [1]. Over the period 1989-2009, total
scheduled traffic, measured in tone kilometers performed, grew
at an average annual rate of 4.4%. In 2009, the world’s airlines car-
ried about 2.3 billion passengers and 38 million tons of freight on
scheduled services [2]. Aviation energy consumption and emis-
sions are expected to increase and constitute a greater proportion
of the total anthropogenic climate impact. Air transport growth has
outpaced reductions in energy intensity and will continue to do so
through the foreseeable future, perhaps by an increased margin.
Unless measures are taken to significantly alter the dominant
historical rates of change in technology and operations, the impact
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of aviation emissions on local air quality and climate will continue
to grow [3]. Given the world’s finite natural resources and growing
energy demands, it is increasingly important to understand energy
and resources degradation and to improve systems while reducing
environmental impact [4].

The environmental impact of emissions can be reduced by
increasing the efficiency of fuel utilization [5]. Thermodynamic
analysis (energy and exergy) has been used to assess the efficiency
and the performance of all thermal systems. Energy analysis deals
with the quantity of energy. It merely serves as a necessary tool for
keeping of energy during a process. However, the exergy analysis
considers the quality of energy. Exergy is related to the degrada-
tion of energy during a process, the entropy generation, and the
lost opportunities to do work. It is well-known that exergy can
be used as a potential tool to determine the location, type and true
magnitude of exergy losses and destructions [6]. In the open liter-
ature, several studies have been reported to evaluate the energetic,
exergetic, exergeconomic and exergoenvironmental performances
of aircraft engines. The effect of the reference environment at dif-
ferent altitudes on the aircraft engine performance was investi-
gated. Etele and Rosen [7] performed an exergy analysis to
examine the effects of using difference reference-environment
models on a turbojet engine over flight attitudes ranging from
sea level to 15,000 m. The actual rational efficiency of turbojet
decreased with increasing altitude, ranging from a value of 16.9%
at sea level to 15.3% at 15,000 m. Turgut et al. [8] made an exergy
analysis of a turbofan kerosene-fired engine with augmenter at sea
level and an altitude of 11,000 m. Exergy destructions and exergy
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Nomenclature

A area (m?)

cp specific heat capacity (kJ/kg K)

E energy rate (kW)

Ex exergy rate (kW)

EIP energetic improvement potential (kW)
ESP equivalent shaft power (kW)

ExIP exergetic improvement potential (kW)
F thrust (kN)

FPR fuel-production ratio

LHV lower heating value of fuel (kJ/kg)

m mass flow rate (kg/s)

P pressure (kPa)

0 heat transfer rate (kW)

SFC specific fuel consumption (kg/kW h)

T temperature (K)

% velocity (m/s)

w work rate or power rate(kW)

Greek letters

fuel exergy depletion ratio (%)

productivity lack ratio in exergetic term (%)
relative exergy consumption ratio (%)
specific exergy (kJ/kg)

fuel energy depletion ratio (%)

productivity lack ratio in energetic term (%)
specific heat capacity equation constant
fuel exergy grade function

energetic efficiency (%)

specific heat ratio

relative energy losses ratio (%)

combustion reaction equation constant

MM DIETIR OGS OR ™R

[V exergetic efficiency (%)
Subscripts

a air

AC air compressor

Acc accessory

C consumption (destruction and losses)
cc combustion chamber

ch chemical

D destruction

ED exhaust duct

en energy

ex exergy

f fuel

g combustion gas

GT gas turbine

GTMS  gas turbine mechanical shaft
in input

j the j'th component

k location

kn kinetic

L losses

out output

ph physical

Pr product

pt potential

RGB reduction gearbox

T temperature

TPE turboprop engine

0 dead (environment or reference) state

efficiency of each component of the engine were determined. The
augmenter unit had the highest exergy destruction with 48.1% of
the whole engine at the sea level, followed by the exhaust, the
combustion chamber and the turbine, amounting 29.7%, 17.2%
and 2.5%, respectively. Turan [9] also analyzed the effect of the ref-
erence altitudes on the exergetic efficiency of a turbofan engine
with the aid of specific exergy method. The exergetic efficiency
of the engine was calculated to be 50.3% at 4000 m to 48.9% at
9000 m. These studies indicated that an increase in the reference
altitude decreased the exergetic efficiency and increased the ener-
getic efficiency of the engine.

Exergoeconomics or thermoeconomic is the branch of engineer-
ing that appropriately combines, at the level of system compo-
nents, thermodynamic evaluations based on an exergy analysis
with economic principles, in order to provide the designer or oper-
ator of a system with information that is useful to the design and
operation of a cost-effective system [10]. Balli et al. [11] studied
the exergy and exergoeconomic analyses of an aircraft jet engine
as named J69-T25A used on T-37B/C model training aircraft. The
exergetic efficiency of the engine was accounted to be 34.8% for
2421.9 kW-exhaust gases product. The exergy cost and unit exergy
cost of the jet engine exhaust gases were 618.6 $/h and 70.96 $/
GW, respectively. Turgut et al. [12] developed the thrust cost rate
parameter for turbofan engine. The thrust cost rate was accounted
to be 138.9 $/h/kN for fan thrust and 304.4 $/h/kN for core engine
thrust, respectively. Aydin et al. [13] investigated the exergetic and
exergoeconomic analyses of a turboprop engine with a free power
turbine used for medium-range twin-engine transport plane that
was jointly developed as a regional airliner and military transport.
The exergy cost and the unit exergy cost of the shaft power were
determined to be 396 $/h and 78.5 $/GW, respectively

Exergoenvironmental analysis was developed to investigate the
formation of environmental impacts associated with energy con-
version systems at component level, and to generate information
crucial for designing systems with a lower overall environmental
impact. In the exergoenvironmental analysis, Life Cycle Assess-
ment is appropriately combined with the exergy analysis. This
combination is based on the methodological approach of the exer-
goeconomic analysis. Environmental impacts are assigned to the
exergy streams of the system. The method generates information
on impacts associated with the thermodynamic inefficiencies
(exergy destruction) on the one hand, and on impacts associated
with the construction, operation, maintenance and disposal of
components on the other [14]. The exergoenvironmental analysis
can be used to monitor the environmental impacts of aircraft
engine on the flight envelops. Altuntas et al. [15] performed the
exergoenvironmental performance of a four cylinder, spark igni-
tion, naturally aspirated and air-cooled piston-prop aircraft engine
for landing takeoff and cruise phases. The maximum specific envi-
ronmental impact of the production was estimated to be
12.2 mPts/M] at 3000 m altitude, 15.1 air-to-fuel ratio and 65%
rated power setting during the cruise phase. Additionally, some
studies were made about the thermodynamic optimization of en-
gine, flight cycle analysis and the effect of energy losses on the de-
sign of engine and aircraft. Bejan and Siems [16] determined the
requirements for exergy analysis and thermodynamic optimization
in aircraft development. They outlined a newly emerging body of
work that relied on exergy analysis and thermodynamic optimiza-
tion in the design of energy systems for modern aircrafts. The min-
imization of exergy destruction brought the design as closely as
permissible to the ideal limit. A key problem was the extraction
of maximum exergy from a hot gaseous stream that was gradually
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Fig. 1. A schematic of the investigated TPE.

cooled and eventually discharged into the ambient. Tona et al. [17]
analyzed a turbofan engine during a typical commercial flight with
exergy and thermodynamic analysis methods. This study pre-
sented the values of the exergy efficiency over the whole flight cy-
cle, the critical equipment and the flight phases considering the
exergy destruction and estimating the internal and exhaust costs.
The purpose of Rigging’s [18] study was to illustrate general aero-
space jet engine performance (as measured by engine specific im-
pulse and specific thrust) in terms of fundamental thermodynamic
drivers, and to discuss the impacts of thermodynamic losses on the
engine design, the aircraft design and their optimization.

The main objectives of this contribution are to (i) derive the
energy and exergy balance relations for the T56 turboprop engine
and its components, and (ii) to evaluate the performance of this
system for different power loads (operation modes) using some
energetic and exergetic parameters.

2. Thermodynamic analysis

Energy analysis is simply an expression of the conservation of
energy stated as energy can be neither created nor destroyed. It as-
serts that energy is a thermodynamic property and that during an
interaction, energy can be change from one form to another but the
total amount of energy remains constant. However, it provides no
information about the direction, in which processes can spontane-
ously occur, that is, the irreversibility aspects of thermodynamic
processes. Exergy analysis asserts that energy has quality as well
as quantity, and actual processes occur in the direction of decreas-

2.1. Energy analysis

2.1.1. Energy balance equation
Energy balance for any control volume at steady state can
expressed as:
Q-W+> En—> Eu=0 (1)
in out
where Q and W are the net rates of energy transfer by heat and

work. The E represents the energy rate of inlet and outlet stream
[20].

2.1.2. Governing equations and energy efficiency

To model this system, mass and energy balance equation were
applied to the basic component in the T56 turboprop engine con-
sidering them as a control volume at steady-state. The values of
enthalpy, heat energy rate, work rate in the inlet stream and outlet
stream of each component were calculated with the governing
equations. The governing equations for the compressor, the com-
bustion chamber, the gas turbine and other components are given
as the following [21,22]:

e Air compressor (AC):

)

1
Tout = Tin{‘l +—

Nac
min = mout = ma (2)
WAC = mu (CP.a.ou[Tout - CP,a,inTin) (3)
1
Mo=1"x 4)

Cpa

2
Cpa(T) = 1.04841 — <3.83719T> <9.45378T )

10* 10’

5.49031T° 7.92981T*
- 10 + 14 (5)
10 10
where cpg, 111q, P, R, T, Wac, Nac and p, are the specific heat capacity
of air, the air mass flow, the pressure, the universal gas constant of

air, the temperature, the compressor work rate, the compressor
isentropic efficiency and the specific heat ratio of air, respectively.

e Combustion chamber (CC):

ing quality of energy. The attempts to quantify the quality or “work Min - CpainTin + NecMy - LHV = MgCp g Tour (6)
potential” of energy in the light of the exergy analysis has caused ) ) )
the definition of properties entropy and exergy [19]. Mip + My = Mg (7)
Table 1
Main property of the measurement devices at the test cell.
Tag number Type/model of device Accuracy (%) Operating range Unit Uncertainty
Po1232456 331i/BOURDON 0.1 88-111.75 (kPa) +0.10
Pya1224 331//BOURDON 0.3 0-2068.38 (kPa) +1.50
Py 331//BOURDON 0.1 0-689.46 (kPa) +0.50
Toais PT-100/MESCON 0.1 233.15-313.15 (K) +0.25
Ty2122 T/C-K/MESCON 0.5 273.15-773.15 (K) +1.05
Ts T/C-K/MESCON 0.6 273.15-1643.15 (K) +1.50
T232456 T/C-K/MESCON 0.5 273.15-973.15 (K) +1.25
Dyno torque F633A model/FROUDE 0.25 0-36,100 (Ibf) +12.5
Xact torque F633A model/FROUDE 0.25 0-500 (Nm) +1.2
RPM M13203000/MAGNUS 0.03 0-16833 (RPM) 5.5
Fuel flow Cox AN-8 flow meter 0.3 0-0.6 (kg/s) +0.001
Air flow ASME flow nozzles 0.4 0-20 (kg/s) +0.015
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Table 2
Constants of combustion reaction and specific heat capacity of combustion gaseous at
various operation modes.

Constants Operation modes

75% 100% MIL Takeoff
Air-fuel ratio 56.49 45.15 42.96 41.88
& 329.91 263.70 250.90 244.57
& 12.10 12.08 12.08 12.07
&3 17.77 16.51 16.27 16.15
& 50.18 36.55 33.91 32.61
s 255.61 204.32 194.40 189.49
1 0.91543 0.91470 0.91451 0.91441
J2 0.01163 0.01280 0.01310 0.01326
3 0.01529 0.01477 0.01464 0.01458
4 —0.06675 —0.06581 —0.06557 —0.06545

where cpg, 11y, 1i1g, LHV and #¢c are the specific heat capacity of com-
bustion gaseous, the fuel mass flow, the combustion gaseous mass
flow, the low heating value of fuel and the energy efficiency of com-
bustion, respectively.

e Gas turbine (GT):

l—ug

Tour =Ting 1 =N |1 - (lfin) " (8)
out
min = mout = mg (9)
WGT = mg(CPg.in.Tin - CP,g.outTout) (10)
1
Mg =% (11)
Cpg

where Ry, Wer, Horand g are the universal gas constant of combus-
tion gaseous, the turbine work rate, the turbine isentropic efficiency
and the specific heat ratio of combustion gaseous.

e Exhaust duct (ED):
Qour = nEDQin (12)

e Gas turbine mechanical shaft (GTMS):
WAc + WRGB‘in = (’/ICTMSWGT - WACC) (13)

e Reduction gearbox (RGB):

WPr,TPE = ”IRGBWRGB,m (14)

where Q, Wace, Wres, Wertpe, D Hrms and nggp represent the heat
rate, the work rate utilized by accessory group, the reduction gear-
box inlet shaft work rate, the net product work rate of turboprop
engine, the energy efficiency of ED, the mechanical efficiency of
GTMS and RGB, respectively.

In this study, all performance assessment of the T56 turboprop
engine were made according to the shaft power (named as Case A)
and the shaft power plus the kinetic energy (or exergy) rate of ex-
haust gaseous (named as Case B) because the energy and exergy of
exhaust gaseous were considered.

e For Case A:

_ WPr
nTPE - meHV

(15)

e For Case.B: _
Wor 1pe + Ein

m;LHV (16)

Nrpg =
where #7pg is the energy efficiency of the T56 turboprop engine, Epn
is the kinetic energy rate of exhaust gaseous.

2.2. Exergy analysis

Exergy analysis is a method that uses the conservation of mass
and conservation of energy principles together with the second law
of thermodynamics for the analysis, design and improvement of
energy and other systems.

2.2.1. Exergy balance equation and exergy terms
Exergy balance for any control volume at steady state is given as
[20,21]:

T\ - . . . .

> (1 - T_k> Qv-W+ %:Exm - ;Exom —Exp=0 (17)
where Q, is the heat transfer rate through the boundary at temper-
ature Ty at location k, W is the work rate, Ex is the exergy rate of
inlet and olutlet stream, and Exp, is the exergy destruction rate. In
the absence of nuclear, magnetism, electricity and surface tension
effects in the thermal systems, the total exergy for a flow of matter
through a system can be determined from:

EX = m(Skn + Ept + Epn + 8511) (18)

where e, &pr, ¢pn and e, denote the specific kinetic exergy, specific
potential exergy, specific physical exergy and specific chemical
exergy, respectively. In this study, the changes in the kinetic exergy
and potential exergy within the T56 turboprop engine were
assumed to be negligible. According to the ideal gas expression,
the specific physical exergy for air and combustion gaseous with
constant specific heat capacity may be written as [20]:

Eph = Cp(T) I:T —T,-T, In <T1>:| + RT, In (P£> (19)

The specific chemical exergy of liquid fuels (C,H,0,S;) on a unit
mass can be determined as flows [11,23,24]:

Eenf _ o o y z 9(1_ y
=7, 21.040140.017287 +0.04322+0.2196 (1 2.0628X)
(20)

where 7y denotes the fuel exergy grade function that is estimated to
be 1.06789 for kerosene of type JP-8 jet fuel.

2.2.2. Exergy efficiency terms
Exergy efficiency equations of basic components of the T56
turboprop engine are defined as follows:

e Air compressor (AC):

E‘Xout - Exin
Yae = o = EXin (21)
AC WAC

. Combustion chamber (CO):

Ex Ex,
== out _ : uutgl (22)
Exin My .Ech + Exin,a

e Gas turbine (GT):

Yor =7 7 (23)
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Table 3
Main measurement data and performance parameters of the whole TPE at Cases A
and B.
Parameter  Unit Case  Operation modes
0.75% 100% MIL Takeoff
Ty (kg/s) A, B 0235 0.294 0.309 0317
E (kW) AB  10058.0 125832 132252 13567.6
Exf (kW) A B 107409 13437.5 14123.1 14488.7
W (kW) AB 21987 29963 32563 34420
F (Ibf) B 688.0 735.6 746.1 750.0
1% (m/s) B 204.2 217.5 220.4 2214
E, EXn.1pE (kw) B 3125 355.8 365.7 369.3
ESP (kw) B 2511.2 33521 3621.9 3811.3
SFC (kg/kWh) A 0.385 0.353 0.342 0.332
B 0.337 0.316 0.307 0.299
Ey e (kw) A 7859.3 95869 99689 101256
B 7546.8 9231.1 9603.3 9756.3
Ec1pe (kW) A 8542.2 10441.2 10866.8 11046.7
B 8229.7 10085.5 10501.2 10677.4
N1rE (%) A 21.9 23.8 24.6 254
B 25.0 26.6 274 28.1
Prpe (%) A 78.1 76.2 75.4 74.6
B 75.0 73.4 72.6 71.9
O1pE (%) A 357.5 320.0 306.1 294.2
B 300.5 275.4 265.1 256.0
EIPrpe (kw) A 6141.2 7304.1 75144 7556.8
B 5662.6 67721 6973.3 7015.6
FPRep 1pg (-) A 46 42 41 3.9
B 4.0 3.8 3.7 3.6
VYrpE (%) A 20.5 223 23.1 23.8
B 234 24.9 25.6 26.3
OtrpE (%) A 79.5 77.7 76.9 76.2
B 76.6 75.1 74.4 73.7
Bree (%) A 388.5 348.5 333.7 320.9
B 327.7 300.9 289.9 280.1
ExIPrpg (KW) A 67936  8113.1 83614 84224
B 6305.6 7569.6 7808.1 7868.7
FPRey.1pE -) A 49 45 43 42
B 43 4.0 3.9 3.8
0.50
- I——-____;_*_; —
- 0.30 —]
Z
=
2
E 020 =f=—Case A
w
==fl=Case B
0.10
0.00
75% 100% MIL Takeoff

Fig. 2. The specific fuel consumption (SFC) of the engine at different operation

modes.

. Exhausp duct (ED):

EXout

Ve =~

EXin

e Gas turbine mechanical shaft (GTMS):
(Wace + Waee + Wregiin)

lpGTMS =

WGT

(24)

(25)
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Fig. 3. Efficiency values of the T56 turboprop engine at different operation modes.
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Fig. 4. Fuel depletion ratio of the T56 turboprop engine at different operation
modes.

e Reduction gearbox (RGB):

WPr.TPE
Vros = (26)
fe WRCB,in

e T56 turboprop engine (TPE) for Case A:

o WPr,TPE 27)

e T56 turboprop engine (TPE) for Case B:

WPr,TPE + Exkn

: 28
Mf&ch g ( )

Ypg =

where  and Ex,, state the exergy efficiency and the kinetic exergy
rate of exhaust gaseous.
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Fig. 5. Improvement potential of the thermodynamic inefficiencies at different
operation modes.
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Fig. 6. Productivity lack ratio of the TPE at different operation modes.

2.3. Performance parameters

2.3.1. Specific fuel consumption

SFCis the mass of fuel burnt per unit time of total output power.
It is essential for minimizing the SFC for applications where the
weight or/and cost of fuel are significant. When specifying the
SFC values, it is also important to state whether the lower or higher
calorific value of the fuel is used. For the turboprop engine, the SFC
is obtained from:

SFC = 2% (29)
ESP

where ESP states the equivalent shaft power. The ESP consists of the

net shaft power and the equivalent power (kinetic energy/exergy

rate) of exhaust gaseous. Residual thrust of the T56 turboprop
engine can be calculated from [8]:

F= muutvuut - minvin +AnutPout - AinPin (30)

6
5
2 ¢
© N
4
5 —————%
k]
3
=
o
a 3
[
©
3
I
2
4—CaseA (in energy term) —#—Case B (in energy term)
—4—CaseA (in exergy term) —@—Case B (in exergy term)
1 T T T

75% 100% MIL
Operation modes

Takeoff

Fig. 7. Fuel-production ratio of the TPE at different operation modes.

where A, F and V are the area of inlet and outlet of engine compo-
nents, the residual thrust and the velocity of inlet and outlet
streams. Incoming momentum is assumed as zero (V;, = 0) due to
the engine is being operated in a ground test cell. When the residual
thrust is known, the velocity of stream can be estimated from Eq.
(30). The kinetic energy or exergy of the residual thrust is given
by [12]:

2

. . .V

Ekn = Ean =My ZOD(L)HO (31)
The ESP of the turboprop engine is determined by:

ESP = W, + iy (32)

where ESP, Ex,, and W, are evaluated in kW.

2.3.2. Other assessment parameters

Several assessment parameters, such as the relative exergy
destruction, the fuel exergy depletion rate and the productivity
lack, are useful for evaluating the exergetic performance of an
investigated system. These are given as follows [8,11,20,24]:

o The fuel exergy depletion («) can be defined as the ratio of the
exergy consumption (losses and destruction) for the j'th compo-
nent to the total fuel exergy rate entering the engine. It is
obtained by:

o EXCJ' . EXDJ' + EXL.j

(33)
EXf EXf

J

e The productivity lack (p) is expressed as the ratio of the exergy
consumption of the j'th component to the total product exergy
rate of the engine. It is given as follows:

EXC.j EXD,j + EXLJ
f=r =

Expe e

. (34)
EXpr 1pE

o The relative exergy consumption () is described as the ratio of
the exergy consumption of the j'th component to the total exer-
gy consumption in the engine. It is estimated from:

o EXCJ B EXD_j +EX[_J'

(35)

= .
Exc rpe Excrpe
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Table 4

Energy rate, exergy rate and other thermodynamic properties of the TPE at 75%-mode.
State No. Fluid type/work Mass flow rate m (kgs™') Temperature T(K) Pressure P (kPa) Energy rate E (kW) Exergy rate Ex (kW)
0 Air 0.000 298.15 93.60 0.00 0.00
1 Air 14.750 298.15 93.60 0.00 0.00
2 Air 14.750 602.25 884.52 4917.84 4299.01
2.1 Air 13.275 602.25 884.52 4418.82 3869.11
2.2 Cooling air 1.475 602.25 884.52 490.98 429.90
23 Cooling air 1.475 741.00 95.35 742.86 269.94
2.4 Cooling air 1.475 737.30 94.87 735.96 271.94
3 Fuel 0.235 298.15 220.64 10058.00 10740.87
4 Combustion gases 13.510 1165.15 857.98 14103.83 9763.68
5 Combustion gases 13.510 741.00 95.35 6551.00 2472.69
6 Combustion gases 13.510 737.30 94.87 6489.42 2433.25
7 Shaft power 7301.75 7301.75
8 Shaft power 7191.78 7191.78
9 Shaft power 41.76 41.76
10 Shaft power 7150.02 7150.02
11 Shaft power 2232.18 2232.18
12 Shaft power 2198.70 2198.70

Table 5

Energy rate, exergy rate and other thermodynamic properties of the TPE at 100%-mode.
State No. Fluid type/work Mass flow rate m (kgs') Temperature T (K) Pressure P (kPa) Energy rate E (kW) Exergy rate Ex (kW)
0 Air 0.000 298.15 93.60 0.00 0.00
1 Air 14.750 298.15 93.60 0.00 0.00
2 Air 14.750 602.25 884.52 4917.84 4299.01
21 Air 13.275 602.25 884.52 4418.82 3869.11
2.2 Cooling air 1.475 602.25 884.52 490.98 429.90
23 Cooling air 1.475 823.40 95.35 898.47 357.65
24 Cooling air 1.475 819.28 94.87 890.60 359.03
3 Fuel 0.294 298.15 220.64 12583.20 13437.51
4 Combustion gases 13.569 1285.15 857.98 16571.08 11453.09
5 Combustion gases 13.569 823.40 95.35 8040.76 3290.40
6 Combustion gases 13.569 819.28 94.87 7969.38 3243.06
7 Shaft power 8123.63 8123.63
8 Shaft power 8001.51 8001.51
9 Shaft power 41.76 41.76
10 Shaft power 7959.75 7959.75
11 Shaft power 3041.91 3041.91
12 Shaft power 2996.28 2996.28

Table 6

Energy rate, exergy rate and other thermodynamic properties of the TPE at MIL-mode.
State No. Fluid type/work Mass flow rate m (kgs™') Temperature T (K) Pressure P (kPa) Energy rate E (kW) Exergy rate Ex (kW)
0 Air 0.000 298.15 93.60 0.00 0.00
1 Air 14.750 298.15 93.60 0.00 0.00
2 Air 14.750 602.25 884.52 4917.84 4299.01
21 Air 13.275 602.25 884.52 4418.82 3869.11
2.2 Cooling air 1.475 602.25 884.52 490.98 429.90
23 Cooling air 1.475 840.45 95.35 931.12 377.45
24 Cooling air 1.475 836.25 94.87 923.06 378.02
3 Fuel 0.309 298.15 220.64 13225.20 14123.10
4 Combustion gases 13.584 1315.15 857.98 17207.93 11896.92
5 Combustion gases 15.059 840.45 95.35 9286.90 3476.31
6 Combustion gases 16.534 836.25 94.87 10106.91 3427.18
7 Shaft power 8391.34 8391.34
8 Shaft power 8265.45 8265.45
9 Shaft power 41.76 41.76
10 Shaft power 8223.69 8223.69
11 Shaft power 3305.85 3305.85
12 Shaft power 3256.26 3256.26

ExIP; = (1 — ) (Exp + Exy); (36)

e The maximum improvement in the exergy efficiency for a pro-
cess or system can be achieved when the exergy consumption
(losses and destruction) is minimized. The exergetic improve-  These assessment parameters may be written with the energetic
ment potential (ExIP) of the j'th component may be written as  terms as follows [20]:
follows:
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Table 7

Energy rate, exergy rate and other thermodynamic properties of the TPE at Takeoff-mode.

State No. Fluid type/work Mass flow rate m (kg s™") Temperature T (K) Pressure P (kPa) Energy rate E (kW) Exergy rate Ex (kW)
0 Air 0.000 298.15 93.60 0.00 0.00
1 Air 14.750 298.15 93.60 0.00 0.00
2 Air 14.750 602.25 884.52 4917.84 4299.01
2.1 Air 13.275 602.25 884.52 4418.82 3869.11
2.2 Cooling air 1.475 602.25 884.52 490.98 429.90
2.3 Cooling air 1.475 847.00 95.35 943.69 384.80
24 Cooling air 1.475 842.77 94.87 935.56 385.40
3 Fuel 0.317 298.15 220.64 13567.60 14488.75
4 Combustion gases 13.592 1330.22 857.98 17532.03 12123.73
5 Combustion gases 15.067 847.00 95.35 9419.37 3546.16
6 Combustion gases 16.542 842.77 94.87 10250.92 3496.38
7 Shaft power 8582.87 8582.87
8 Shaft power 8454.03 8454.03
9 Shaft power 41.76 41.76
10 Shaft power 8412.27 8412.27
11 Shaft power 3494.43 3494.43
12 Shaft power 3442.01 3442.01
00 e The fuel energy depletion ratio (¢):
£y
J
¢ = . (37)
f
80 + e The productivity lack ratio (¢):
g By
» (- (38)
2 Pr,TPE
2
2 60 A
o . .
s e The relative energy loss ratio (6):
2 Ej
3 0 = —L (39)
7] Ep pe
40 4
875% ©100% . The energetic improvement potential rate (EIP):
= MIL © Takeoff EIP; = (1 —n)Ey; (40)
20 +
AC ce CT ED GTMS RGB 2.3.3. Energetic and exergetic fuel-production ratios (FPR., and FPR.y)
Components Energetic fuel-production ratio (FPR,,) is defined as the ratio of

Fig. 8. Energy efficiency of the TPE components at different operation modes.
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Fig. 9. Exergy efficiency values of the TPE components at various operation modes.

total fuel energy rate consumed by the engine to the total power
produced by the engine. The FPR,, is estimated from:

E
FPRen 1pe = < (L

EPr.TPE

(41)

Exergetic fuel-production ratio (FPR.x) is explained as the ratio of
total fuel exergy rate consumed by the engine to total power pro-
duced by the engine. The FPR,, is calculated from:

Ex,
FPRepy = = 11°%

(42)
EXpr1pe

The FPR is an important parameter to compare the thermal systems.
The more FPR approaches to 1 the more the system efficiency in-
creases. When the FPR is equal to 1, the system efficiency becomes
100% and it can be assumed as an ideal system. This parameter is
preferred and used for the first time in this study to the best of
the authors’ knowledge.

3. An application for the T56 turboprop engine (TPE)
3.1. General description of the TPE
The T56 turboprop engines (TPE) have been used on Lockheed

Martin’s C-130 Hercules tactical transport aircrafts in Turkish Air
Forces. A schematic of TPE investigated is illustrated in Fig. 1. The
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Table 8
Exergy rate, exergetic efficiency and other thermodynamic parameters of the engine components at 75%-mode (Case A: A and Case B: B).
Component Exin (KW) EXour (KW) Exc (KW) V(%) ¢ (%) ¢ (%) 0 (%) EXIP (KW)
A B A B
AC 4917.84 4299.01 618.83 87.42 5.76 28.15 24.64 7.24 7.52 77.87
CC 14609.98 9763.68 4846.29 66.83 45.12 220.42 192.99 56.73 58.89 1607.57
GT 7450.96 7301.75 149.21 98.00 1.39 6.79 5.94 1.75 1.81 2.99
ED 2742.63 2705.19 37.44 98.64 0.35 1.70 1.49 0.44 0.45 0.51
GTMS 7301.75 7191.78 109.97 98.49 1.02 5.00 4.38 1.29 1.34 1.66
RGB 2232.18 2198.70 33.48 98.50 0.31 1.52 1.33 0.39 0.41 0.50
Table 9
Exergy rate, exergetic efficiency and other thermodynamic parameters of the engine components at 100%-mode (Case A: A and Case B: B).
Component Exin (KW) EXour (KW) Exc (KW) V(%) ¢ (%) @ (%) 0 (%) EXIP (KW)
A B A B
AC 4917.84 4299.01 618.83 87.42 4.61 20.65 18.46 5.93 6.14 77.87
cC 17306.62 11453.09 5853.53 66.18 43.56 195.36 174.63 56.06 58.04 1979.81
GT 8234.93 8123.63 111.30 98.65 0.83 3.71 3.32 1.07 1.10 1.50
ED 3648.06 3602.09 45.97 98.74 0.34 1.53 1.37 0.44 0.46 0.58
GTMS 8123.63 8001.51 12213 98.50 0.91 4.08 3.64 1.17 1.21 1.84
RGB 3041.91 2996.28 45.63 98.50 0.34 1.52 1.36 0.44 0.45 0.68
Table 10
Exergy rate, exergetic efficiency and other thermodynamic parameters of the engine components at MIL-mode (Case A: A and Case B: B).
Component Exip (KW) EXour (KW) Exc (kW) v (%) ¢ (%) @ (%) 0 (%) ExiP (kW)
A B A B
AC 4917.84 4299.01 618.83 87.42 4.38 19.00 17.09 5.69 5.89 77.87
CcC 17992.21 11896.92 6095.29 66.12 43.16 187.19 168.29 56.09 58.04 2064.92
GT 8473.06 8391.34 81.73 99.04 0.58 2.51 2.26 0.75 0.78 0.79
ED 3853.76 3805.21 48.55 98.74 0.34 1.49 1.34 0.45 0.46 0.61
GTMS 8391.34 8265.45 125.89 98.50 0.89 3.87 3.48 1.16 1.20 1.89
RGB 3305.85 3256.26 49.59 98.50 0.35 1.52 1.37 0.46 0.47 0.74
Table 11
Exergy rate, exergetic efficiency and other thermodynamic parameters of the engine components at Takeoff-mode (Case A: A and Case B: B).
Component Exin (KW) EXour (KW) Exc (kW) V(%) ¢ (%) @ (%) 0 (%) EXIP (KW)
A B A B
AC 4917.84 4299.01 618.83 87.42 427 17.98 16.24 5.60 5.80 77.87
CcC 18357.85 12123.73 6234.13 66.04 43.03 181.12 163.57 56.43 58.39 2117.04
GT 8622.67 8582.87 39.80 99.54 0.27 1.16 1.04 0.36 0.37 0.18
ED 3930.96 3881.78 49.18 98.75 0.34 1.43 1.29 0.45 0.46 0.62
GTMS 8582.87 8454.03 128.84 98.50 0.89 3.74 3.38 117 1.21 1.93
RGB 3494.43 3442.01 52.42 98.50 0.36 1.52 1.38 0.47 0.49 0.79

TPE consists of an air compressor (AC), a combustion chamber (CC),
a gas turbine (GT), an exhaust duct (ED), a reduction gearbox (RGB),
and a gas turbine mechanical shaft (GTMS)

3.2. Assumptions made
In this study, the assumptions made are listed below:

e The TPE operated in a steady-state and steady flow.

e The principle of ideal-gas mixture was applied for the air and
combustion gaseous.

e The combustion reaction was complete.

e The fuel injected to combustion chamber was the JP-8 jet fuel.

e The LHV was assumed to be 42,800 kJ/kg.

e The compressor and the gas turbine were considered adiabatic.

e The changes in the kinetic energy, the kinetic exergy, the poten-
tial energy and the potential exergy within TPE were assumed
to be negligible.

e The velocity of air mass flow entering the engine was taken zero
due to the run test was performed in a static condition at the
test cell.

e The temperature and the pressure of the dead (environmental)
state were measured to be 298.15 K and 93.6 kPa, respectively.

e The air composed of nitrogen 77.48%, oxygen 20.59%, carbon
dioxide 0.03% and water vapor 1.90%. Other small amounts of
argon, CO, etc. in the air were neglected.

e The bleed air flow used to cool the gas turbine section was
assumed to be 10% of the total air flow entering the engine.

3.3. Measurement system and experimental data

The measurement data of the T56 turboprop engine were taken
from the Depot Level Engine Test Cell at 1st Air Supply and Main-
tenance Center of Turkish Air Forces (TurAF) for T56-A-7/-17 LFE
and TYNE-MK-22 model turboprop engine. The test cell was estab-
lished by Magnus Engineering and Maintenance Ltd. in August
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Fig. 10. Fuel exergy depletion ratio values of the TPE components at various
operation modes.

2002. This test was performed during yearly calibration audit on
September 25, 2012. In the calibration audit test, more data are
measured than normal engine run test. The data measured are
listed in below:

e Ambient pressure and temperature (P,, T,)

e Compressor inlet and outlet pressure (Py, P,)

e Compressor inlet and outlet temperature (Tq, T3)

e Turbine inlet and outlet temperature (T4, T23,5)

e Turbine inlet and outlet pressure (P4, P>35)

e Exhaust duct outlet pressure and temperature (P, 46, T2.46)
o Fuel flow (mf)

o Air flow ()

o Shaft power (W,)

e Residual thrust of exhaust gaseous (F)

The test cell data sheet includes the air mass flow data. The air
mass flow changes with the engine speed, the ambient tempera-
ture and the pressure. The air mass flow was selected to be
14.75 kg/s. Besides, the air mass flow was measured by ASME-style
flow nozzles with static pressure tabs that were pre-calibrated
against NIST-traceable flow standard. The calibration and accuracy
of both the devices and the test cell system are calibrated by TurAF
Calibration Laboratory yearly. Air Force Metrology and Calibration
Program Office (AFMETCAL, USA) is the authorized foundation to
survey TurAF Calibration Laboratory biyearly. The parameter, type
of the device, the operating range, the accuracy and the uncertainty
of the measurements are given in Table 1.

3.4. Operation modes

There are two basic types of turboprop engines: single shaft and
free turbine. The main difference between the single shaft and the
free turbines is in the transmission of the power to the propeller. In
the free-turbine engine, the propeller is driven by a dedicated tur-
bine. A different turbine drives the compressor; this turbine and its
compressor run at a nearly-constant speed (RPM) regardless of the
propeller pitch and speed. Other type of the turboprop engine is
the fixed-shaft constant-speed type. In this type of the engine,
the ambient air is directed to the compressor section through the
engine inlet. An acceleration/diffusion process in the compressor
increases air pressure and directs it rearwards to a combustor. In

240

200

275% =100%

160 - MIL——®Takeoff

Productivity lack ratio (%)

: [ ™= =
GT ED GTMS RGB
Components

(a)

240 -

200
§ H75% H100%
= MMIL HTakeoff
2 160 -
o
x
&
5 120
=
g
g 80 +
o

40

0- — - el
AC CcC GT ED GTMS RGB
Components

(b)

Fig. 11. Productivity lack ratio values of the TPE components at various operation
modes: for (a) Case A and (b) Case B.

the fixed-shaft constant speed engine, the RPM may be varied
within a narrow range of 96-100%. During the ground operation,
the RPM may be reduced to 70%. In flight, the engine operates at
a constant speed, which is maintained by governing section of pro-
peller. Power changes are made by increasing the fuel flow and the
propeller blade angle rather than the engine speed. An increase in
fuel flow causes an increase in the temperature and a correspond-
ing increase in energy available to the turbine. The turbine absorbs
more energy and transmits it to the propeller in the form of torque.
The increased torque forces the propeller blade angle to be in-
creased to maintain the constant speed. Turboprop instrumenta-
tion in a fixed-shaft turboprop engine typically consists of the
following basic indicators: (i) torque or horsepower, (ii) turbine in-
let temperature, (iii) fuel flow and (iv) RPM. It is often useful and
sometimes necessary for the pilot to know the shaft horse power
output of the turboprop engine. Because the torque (i.e., the reac-
tion of the complete engine to the power output) is directly pro-
portional to the SHP, the measurement of the torque gives the
desired information. The turboprop engine can be tested either
by its propeller and propeller gearbox (RGB) or by a dynamometer
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Fig. 12. Relative exergy consumption values of the TPE components at various
operation modes: (a) Case A, (b) Case B.

instead of the propeller and the propeller gearbox in the ground
test laboratory. At the test cell, the RGB shaft is connected to a
water brake dynamometer spline, so the gas turbine mechanical
shaft (GTMS) rotates along with the dynamometer shaft. The test
operator can select the requested dynamometer torque or speed
during the test [24].

The T56 turboprop engine has been investigated in this study.
The T56 engine is a fixed-single shaft constant-speed type turbo-
prop engine. While the T56 turboprop engine operated at 13,880
RPM-constant speed, that is maximum permissible speed, the test
cell operator increased the fuel flow step by step according to the
selected dynamometer torque named power loading mode. This
power loading modes consisted of the 75%-mode, 100%-mode, mil-
itary (MIL) mode and Takeoff mode. At the local conditions (ambi-
ent temperature: 298.2 K, pressure: 93.6 kPa), the engine shaft
power was measured to be 2198.7 kW for 0.235 kg/s-fuel flow at
75%-mode, 29996.3 kW for 0.294 kg/s-fuel flow at 100%-mode,
3256.3 kW for 0.309 kg/s-fuel flow at MIL mode and 3442 kW for
0.317 kg/s-fuel flow at Takeoff mode. The turbine inlet tempera-

ture increased from 1165.15 K to 1330.22 K with the increase in
the fuel flow related to the operation modes. The residual thrust
was measured to be 688 1bf at 75%-mode, 735.6 Ibf at 100%-mode,
746.1 1bf at MIL mode, and 750 Ibf at Takeoff-mode, respectively.

3.5. Combustion balance and specific heat capacity of emissions

The air-to-fuel ratio is to be at appropriate level for enabling a
stable burning. To have completed burning of the fuel and to de-
crease the temperature, the air-to-fuel ratio in the combustor is al-
ways higher than the stoichiometric ratio. Because of this, there is
significant amount of oxygen within exhaust gaseous. The general
combustion reaction equation is given as follows:

0.7448N, +
0.20590, +

CizHs ¢y 0.0003CO,+
0.019H,0

— &(COz) + &3 (H20) + E4(0,) + &5(Ny)

(43)

The specific heat capacity of the combustion gaseous can be written
in the following form:

, 2 /3
Creg(T) =1 +WT +

‘4 13
ARy 44
10° 10° 44
where the temperature is evaluated in K. The combustion reaction
equation constants (¢) and the specific heat capacity constants A

of the combustion gaseous were calculated for each operation mode
and are summarized in Table 2.

3.6. Energy and exergy balance equations of the whole TPE

Generally, the only shaft power was taken into consideration for
the turboprop and turbo shaft engines in the literature. However,
considering both the shaft power and the residual power (kinetic
energy/exergy value of exhaust gases) is more realistic for per-
forming an accurate analysis. For the whole TPE system, two bal-
ance equations were written according to the shaft power and
the shaft power plus the kinetic exergy of the exhaust gaseous.
According to the considered the engine products, the exergy bal-
ance equations are given as follows:

e Energy and exergy balance equations of the engine for Case A:
(Ey + E3) — Wiy = Eppe (45)
(Exl + EX3) - le = EXC‘TPE (46)

e Energy and exergy balance equations of the engine for Case B:

(E] + E3) - (W12 + Ekn‘TPE) = EL,TPE (47)

(Exy + Ex3) — (Wi + Exin o) = Excve (48)

3.7. Exergy balance equations of the TPE’s components

Exergy balance equations for the main components can be writ-
ten as:

e Air compressor (AC):

EX] + (Wm - Wn) - (Exz) = EXD,AC (49)

e Combustion chamber (CC):

(Ex2_1 + EX3) —Exy = EXD,CC (50)
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Table 12
Comparing the exergetic efficiency values of the T56 and the CT7-9C turboprop
engines for the maximum shaft power.

Table 13
Uncertainty values of the parameters unchanging with operation modes.

Parameter Unit Nominal Uncertainty Percentage
Component V(%) value NV Ue (% uncertainty u, (%)
T56 turboprop engine CT7-9C turboprop Py (kPa) 93.60 0.10 0.11
[this study] engine [13] Py2122 (kPa) 884.52 1.50 0.17
Compressor (AC)  87.42 90.6 Py (kPa) 220.64 0.50 023
; P, (kPa) 857.98 1.50 0.17
Combustion 66.04 79.9
P35 (kPa) 95.35 0.10 0.10
chamber (CC) P kP 94,87 0.10 0.11
Gas turbine (GT) 99.54 96.2 246 (kPa) . : :
. Tis (k) 298.15 0.25 0.08
Power turbine (PT) No PT 95.2 .
Ty2122 (k) 602.25 1.05 0.17
Exhaust duct (ED) 98.75 98.1 R (ke/s) 14.75 0.02 010
Whole engine 23.8 (for 3442 kW-shaft ~ 30.0 (for 1400-kW-shaft mi2 &ls : - :
1y (kg/s) 1.48 0.00 0.20
power) power) .
it (kg/s) 13.28 0.02 0.11
iy (kw) 4415.82 5.82 0.13
ity (kw) 13061.16  27.30 0.21
. ity (kW) 8400.30 17.56 0.21
e Gas turbine (GT): it (kw) 933.37 2.51 0.27
Ex,» — Ex Exs — Exe) — Wer — Ex 51 ity (kW) 4260.57 12.67 0.30
(EX2 = EXo3) + (Exs — Exs) = Wer = Expor (1) i (kW) 383451 1156 0.30
e Exhaust duct (ED): 12 (kW) 426.06 1.20 0.28
. . . . . Wac (kW) 4917.84 10.81 0.22
(EX2.3 — EX2'4) + (EX5 — EXG) = EXD.ED (52)
e Gas turbine mechanical shaft (GTMS):
W7 - Wg = EXD_(;TMS (53) 4.1. Energetic and exergetic analysis results of the whole TPE
Wio = Wy + W (54) The energy efﬁ.c1.ency, the exergy e.fﬁaency, the fuel depletlon
ratio, the productivity lack ratio, the improvement potential rate
. . . and the fuel-production ratio were used to evaluate the perfor-
Wi = Wig — Wac (55) mance of the TPE. All the performance assessments were made
o Reduction gearbox or dynamometer (RGB): according to both thg shaft power (named as Case A) and the shaft
W W — Ex 56 power plus the kinetic energy(or exergy) rates of the exhaust gas-
11— Y12 = EADRGE 56 eous (named as Case B) because both the energy and exergy of the
) ) exhaust gases were considered. The main measurement data, the
Wiz = Wee mpe (57) results of the energy and exergy analysis of the whole TPE are given

4. Results and discussion

Energy analysis was used to evaluate the thermodynamic per-
formance of the whole TPE. However, the exergy analysis was car-
ried out for the whole TPE along with its main components to
determine the exergetic efficiency of the components, the location
and the quantity of the exergy consumption (losses and destruc-
tions), the improvement potential rate of the exergy consumption.

in Table 3. The only one way of increasing the shaft power is to in-
crease the fuel flow due to the T56 turboprop engine is a fixed-sin-
gle shaft constant-speed type turboprop engine. The shaft power
raised from 2198.7 kW to 3442.0 kW while the fuel flow were in-
creased from 0.235 kg/s to 0.317 kg/s by test cell operator accord-
ing to the compulsory test steps (%75, 100%, MIL and Takeoff
operation modes). The effects of changing in the fuel flow as oper-
ation modes on the energetic and exergetic performance parame-
ters of the TPE are shown in Figs. 2-6. The main findings of the
energy and exergy analysis are summarized as follows:
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Table 14

Nominal (NV) and uncertainty values (u.) of the parameters changing with operation modes.

Tag No. Unit Operation modes
75% 100% MIL Takeoff
NV U (+%) NV Ue (+%) NV U (£%) NV U (%)

Ty (k) 1165.15 0.119 1285.15 0.117 1315.15 0.114 1330.22 0.113
Ta35 (k) 741.00 0.169 823.40 0.152 840.45 0.149 847.00 0.148
Tr46 (k) 737.00 0.170 819.28 0.153 836.25 0.149 842.77 0.148
Ty (kg/s) 0.234 0.427 0.294 0.340 0.309 0.324 0.317 0.315
Mase (kg/s) 13.509 0.118 13.569 0.118 13.584 0.118 13.592 0.118
Eys (kw) 1184.44 0.266 1340.05 0.255 1372.70 0.253 1385.28 0.253
Era (kw) 1177.00 0.285 1332.18 0.275 1364.64 0.274 1377.14 0.273
Esf (kw) 10058.00 0.489 12583.20 0.417 13225.20 0.404 13567.60 0.397
Eq (kw) 20218.56 0.169 20693.98 0.168 21296.82 0.165 21601.17 0.164
Es (kw) 10671.77 0.208 12132.51 0.194 12444.01 0.192 12566.39 0.191
Es (kw) 10604.57 0.209 12060.83 0.195 12370.42 0.192 12491.97 0.191
Exys (kw) 276.33 0.316 364.25 0.308 383.41 0.306 390.85 0.305
Expa (kw) 271.64 0.317 359.03 0.308 378.03 0.307 385.40 0.306
Exss (kw) 10740.87 0.489 13437.51 0.417 14123.10 0.404 14488.75 0.397
Exa (kw) 11155.88 0.279 11479.11 0.278 11906.59 0.276 12123.73 0.276
Exs (kw) 2490.31 0.270 3298.37 0.259 3476.31 0.257 3546.16 0.257
Exg (kw) 2447.89 0.270 3250.87 0.260 3427.21 0.258 3496.38 0.257
Wers (kw) 7301.75 1.073 8123.63 1.068 8391.34 1.066 8582.87 1.066
Ws (kw) 7301.30 1.073 8001.51 1.068 8265.45 1.066 8454.03 1.066
Wio (kw) 7259.54 1.079 7959.75 1.073 8223.69 1.072 8412.27 1.071
Wi, (kw) 2330.89 2434 3031.10 2.105 3295.04 2.019 3494.43 1.960
Wi, (kw) 2198.70 0.132 2996.30 0.127 3256.30 0.126 3442.01 0.131
n (%) 21.86 0.135 23.81 0.129 24.62 0.130 25.37 0.133
1] (%) 20.47 0.127 22.30 0.121 23.06 0.121 23.76 0.125

e The specific fuel consumption (SFC) decreases with increasing
the shaft power and the residual thrust of the engine. The SFC
was calculated to be maximum with 0.385 kg/kW h at 75%-
mode and minimum with 0.332 kg/kW h Takeoff mode. The
variances in the SFC are shown in Fig. 2 according to the oper-
ation modes.

Fig. 3 indicates that the energy efficiency has a minimum value
of 21.9% at 75%-mode and a maximum value of 25.5% at Takeoff
mode while the exergy efficiency is found to be 20.5% at 75%-
mode and 23.8% at Takeoff mode for Case A, respectively.
Otherwise, for Case B, the energy efficiency is calculated to be
minimum value with 25% at 75%-mode and maximum value
with 28.1% at Takeoff mode when the exergy efficiency was
estimated to be 23.4% at 75%-mode and 26.3% at Takeoff mode,
respectively.

An increase in the energy (or exergy) efficiency decreases the
energy losses and the exergy destruction due to that the fuel
consumption goes down or the produced power goes up.
Fig. 4 shows that the fuel depletion ratio decreases with an
increase in the shaft power and the residual thrust at different
operation modes. Fig. 5 illustrates that the energetic and exer-
getic improvement potential of the thermodynamic inefficien-
cies increases by increasing the energy and exergy efficiency
from 75%-mode and Takeoff mode.

Fig. 6 represents that the productivity lack ratio values decrease
with the increase in the products of the TPE depending on the
operation modes.

The relative increase in the shaft power rate per the fuel energy
consumption decreases the fuel-production ratio values of the
TPE, as seen from Fig. 7. For Case A, the fuel-production ratio
(FPR.,) varies from 4.6 at 75%-mode and 3.9 at Takeoff mode
while the fuel-production ratio (FPR.c) in the exergy term
decreases from 4.9 at 75%-mode and 4.2 at Takeoff mode. For
Case B, the FPR,, goes down from 4.0 at 75%-mode and 3.6 at
Takeoff mode when the FPR,, decreases from 4.3 at 75%-mode
and 3.8 at Takeoff mode.

The results of the energy and exergy analyses show that an in-
crease in fuel flow raises the efficiency and the generated shaft
power per fuel consumption since the turbine inlet temperature
goes up. Similarly, the fuel-production ratio indicates that the in-
crease in the fuel flow per unit makes more effective to the engine
at the shaft power production. But the engine operation time has
been limited at a high turbine inlet temperature due to that it de-
creases the useful economic life. The operation duration of the T56
engine at Takeoff mode and MIL mode has been restricted with 5
and 30 min, respectively.

4.2. Energy and exergy analysis results of the TJE components

The stream type and the values of the mass flow rate, the pres-
sure, the temperature, the energy rate and the exergy rate of the
TPE streams at different four operation modes are given in Tables
4-7 accordance with their state numbers as specified in Fig. 1.
The aim of the energy analysis is to determine the thermodynamic
properties of the states and to calculate the AC work rate and its
isentropic efficiency, the GT work rate and its isentropic efficiency,
the CC energy efficiency, the ED energy efficiency, the mechanical
yield efficiency of the GTMS and the RGB, and the shaft power rate
of the engine. The energy rate values in Tables 4-7 were used to
count the energy efficiency of the components. The energy effi-
ciency values of the TPE components are illustrated in Fig. 8. The
isentropic efficiency of the AC was found to be 88.26% that was a
constant value at all operation modes. Similarly, the mechanical
efficiency of the GTMS and the RGB was accounted to be 98.5%
and unchanged with the operation modes. As seen in Fig. 10, the
isentropic efficiency of the GT changed with the turbine inlet tem-
perature (T,). It was obtained to be between 85.72% (at Takeoff
operation mode) and 87.86% (at 75%-operation mode). The energy
efficiency values of the CC and the ED were estimated to be 99.41%
and approximately 99.34% (minimum 99.32% at Takeoff mode and
maximum 99.38% at 100%-mode).
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The main target of the exergy analysis in this study is to deter-
mine the magnitudes of the exergy consumption and their exact
locations within the components of the TPE. Using the values given
in Tables 4-7, the inlet and outlet exergy rates, the exergy destruc-
tion rate, the exergetic efficiency, the fuel depletion ratio, the pro-
ductivity lack ratio, the relative exergy consumption, and the
exergetic improvement potential were derived for each component
of the TPE and are listed in Tables 8-11 in accordance with opera-
tion modes. The main findings of the component-based exergy
analysis are given as follows:

o The exergetic efficiencies of the AC, the GTMS and the RGB were
calculated to be 87.42%, 98.5% and 98.5%, respectively. These
values remained constant at all operation modes. The exergy
efficiency of the ED changed with a little increase (98.64-
98.74%). The exergy efficiency of the CC decreased from
66.83% at 75%-mode to 66.04% at Takeoff-mode by increasing
the fuel consumption rate. Conversely of the CC efficiency, the
exergy efficiency of the GT increased from 98% at 75%-mode
to 99.54% at Takeoff-mode by increasing the turbine inlet tem-
perature (T4). The exergy efficiency of the components at differ-
ent operation modes is shown in Fig. 9.

e The produced shaft power was measured to be 2198.7 kW at
75%-mode, 2996.28 kW at 100%-mode, 3256.26 kW at MIL-
mode and 3442.01 kW at Takeoff-mode. At the same time, the
fuel exergy rates consumed by the engine were calculated to
be 10740.87 kW at 75%-mode, 13437.51 kW at 100%-mode,
14123.1 kW at MIL-mode and 14488.75 kW at Takeoff-mode,
respectively. Because the increase in the produced shaft power
was relatively higher than the increase in the fuel exergy rate,
the fuel exergy depletion ratio and the productivity lack ratio
decreased with increasing the fuel flow. The variations of the
fuel exergy depletion and the productivity lack ratios are illus-
trated in Figs. 10 and 11.

o The exergy analysis demonstrates that, for the operating modes

considered, the combustion chamber (CC) incurs the most sig-

nificant exergy consumption in the turboprop engine due to
the exergy destruction. The exergy consumption rates of the

CC were obtained to be 4846.29 kW at 75%-mode, 5853.53 kW

at 100%-mode, 6095.29 kW at MIL-mode and 6234.13 kW at

Takeoff-mode, respectively.

The variations in the relative exergy destruction ratio values of

the components are presented in Fig. 12. The figure indicates

that the relative exergy destruction ratio of the CC is maximum

with approximately 56% considering the shaft power (Case A)

and maximum with approximately 58% taking into account

the shaft power and the kinetic exergy of the exhaust gaseous

(Case B). The exergy consumption rate, the exergetic improve-

ment potential rate and its percentage are indicated in Fig. 13.

It shows that the maximum exergetic improvement potential

was found to be 2117.04 kW with 33.7% — percentage improve-

ment potential.

e The above-mentioned results clearly indicate that the combus-
tion chamber, in which the combustion process occurred, has
lower values of the exergy efficiency and higher values of the
fuel exergy depletion, the productivity lack ratio, the relative
exergy consumption and the exergetic improvement potential
due to the combustion irreversibilities. Combustion of the fuel
is a very complex phenomenon and it is highly thermodynam-
ically irreversible process and limits the conversion of the fuel
energy into the useful energy. Most of the combustion irrevers-
ibility is contributed to the internal heat transfer from burned
fuel to the unburned fuel that is from products to reactants.
Such heat transfer is inevitable in premix and diffusion flames
where highly energetic molecules are free to exchange energy
with un-reacted fuel and air mixture. For typical combustion

systems, about 1/3rd of the fuel exergy becomes unavailable
due to inherent the irreversibility in the combustor. Internal
heat transfer, chemical reactions and mass transfer during com-
bustion process generates entropy and reduces the potential of
the products gases to do useful work [25].

For the maximum shaft power, the exergetic efficiency values of
the T56 turboprop engine with a single-fixed shaft and the CT7-9C
turboprop engine with free power turbine [13] are given in Table
12. When the results obtained from this study are compared with
the results of CT7-9C turboprop engine;

o The exergetic efficiency of the CT7-9C’s air compressor (AC) is
higher than the T56 turboprop engine’s due to the CT7-9C
engine has five stages axial compressor and one stage centrifu-
gal compressor that has a diffuser with the incorporation of
quasi-rectangular passages that reduces losses and increases
the compressor efficiency.

The exergetic efficiency of the CT7-9C’s combustion chamber
(CC) is higher than the T56 turboprop engine’s due to the CT7-
9C engine’s CC were made of the high temperature-resistant
material and coated with thermal barrier coating. The CT7-9C
engine is to be approximately 1547 K while the CC outlet tem-
perature of the T56 turboprop engine is to be 1330 K.

The exergetic efficiency values of the gas turbine (GT) compo-
nent and the exhaust duct (ED) component of the T56 turboprop
engine is higher than the components’ of the CT7-9C engine.
The higher stage number increases the pressure ratio and the
efficiency of T56 engine’s GT.

The exergetic efficiency of the T56 turboprop engine is to be
23.8% while the exergetic efficiency of CT7-9C engine is to be
30%. The T56 engine was designed by the 1960s technologies.
The CT7-9C engine has a higher efficiency due to that this
engine produced in 1988 utilized a relatively new technology
and an efficient combustion chamber.

4.3. Uncertainty analysis

The errors and uncertainties in the experimental can arise from
the instrument selection, the instrument condition, the instrument
calibration, the environment, the observation and the reading and
the test planning. Uncertainty analysis is needed to prove the accu-
racy of experiments. An uncertainty analysis was performed using
the method given in the literature [26,27]. The accuracy and the
uncertainty of each measuring device given in Table 1 are checked
yearly by the calibration laboratory. The accuracy and the uncer-
tainty analysis of the test cell system are made during the calibra-
tion test run. The measurement data were taken from the
calibration test run on September 25, 2012. The uncertainty values
of some data, unchanged with the operation modes, are listed in
Table 13. The uncertainty analysis of the measurement data and
the calculated values that vary with the operation modes were per-
formed in this study. The uncertainties of the measurement data
(temperature, pressure, shaft power, thrust, etc.) were obtained
from their repetitive measurements. The uncertainty values of
the calculated data were determined from their functions. These
are listed below:

e The uncertainty associated with the specific heat capacity was
calculated as a function of the temperature.

e The uncertainties of the heat and work rates were estimated as
a function of the mass flow, the specific heat capacity and the
temperature.

e The uncertainties of exergy of the streams were accounted as a
function of the mass flow, the specific heat capacity, the tem-
perature and the pressure.
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The nominal values (NV) and the percentage uncertainty (u.) of
the parameters changing with operation modes are given in
Table 14. The nominal values (NV) and the percentage uncertainty
(ue) of the parameters changing with operation modes are given in
Table 14. The uncertainties of the energy efficiency and the exergy
efficiency values were calculated and added to Table 14. The uncer-
tainties values of the measurement affect the energy efficiency that
is to be £0.135% at 75%-mode, +0.129% at 100%-mode, +0.130% at
MIL-mode and +0.133% at Takeoff-mode respectively. On the other
hand, the uncertainties values of the measurement affect the exer-
gy efficiency that is to be £0.127% at 75%-mode, +0.121% at 100%-
mode and MIL-mode, and +0.125% at Takeoff-mode. Considering
the uncertainty values of the measurement and the calculated
data, the deviations in the performance parameters of the engine
may be assumed to be negligible.

5. Conclusions

This study presents the energy and exergy analysis of the T56
turboprop engine and its essential components at the different
operation modes named 75%, 100%, MIL and Takeoff. The only
one way of increasing the shaft power is to increase the fuel flow
because the T56 turboprop engine is a fixed-single shaft con-
stant-speed type turboprop engine. The produced shaft power
and the residual thrust of the engine rise by increasing the fuel
flow and the turbine inlet temperature according to the operation
modes. The performance assessments were made for both the shaft
power (Case A) and the shaft power plus the kinetic energy/exergy
of exhaust gaseous (Case B). The energy and exergy analysis results
of the whole engine indicate that the energy efficiency, the exergy
efficiency and the improvement potential of the engine increase
with taking into account the kinetic energy (exergy) of the exhaust
gaseous to the engine products while the values of the energy
losses rate, the exergy consumption rate, the fuel depletion ratio,
the productivity lack ratio and the fuel-production ratio decrease.

The results of the component-based exergy analysis identify the
combustion chamber between the components as having the most
significant exergy consumption in the T56 turboprop engine, due
to the irreversibilities associated with the combustion reaction
and the heat transfer across the large temperature differences be-
tween burner gases and the working fluid. The exergy consump-
tion rate of the combustion chamber increases from 4846.29 kW
to 6234.13 kW while the exergy efficiency of the combustion
chamber decreases from 66.83% to 66.04% by increasing the fuel
flow and the turbine inlet temperature. The new design or modifi-
cation of the combustion system should be investigated to increase
its efficiency and the engine performance.

The methodology and the results of this study can be beneficial
to those who deal with the analysis, determining the rooms for
further improvement, and development of similar systems. For a
future work, it is planned to perform an exergoeconomic analysis
of the T56 turboprop engine to identify the cost flows of fuel, prod-
ucts and destructions to regulate the engine operation conditions
and maintenances.
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