Jet engine combustor parametric analyzes
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Abstract: The combustion processes specific to jet engines involve aerodynamic, thermodynamic,
combustion chemistry and heat transfer aspects with implications on performance and environmental
pollution reduction. The operating performances of a combustion chamber are influenced by two groups
of parameters: atmospheric and operating. Depending on the constructive or operating limitations, a
series of optimizations are adopted based on parametric pre-design analyses that can provide numerical
data on the operating intervals of the combustion chamber in particular and of the jet engine in general.
The article includes a series of parametric analyses on the combustion process, using the GasTurb
software tool, to determine the degree of influence of relevant combustion parameters on the
performance of jet engines.
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ACRONYMS
ATJ Alcohol to Jet BET Burner exit temperature
BFF Burner fuel flow BDE Burner design efficiency
BPC Burner partload constant BPR Burner pressure ratio
FHV Fuel heating value GUI Graphic unit interface
HDO SK  Hydro-Deoxygenated Synthesized Kerosene HHV Higher Heating Value
JP Jet Propellant LHV Lower Heating Value
NT Net thrust NSS Nominal spool speed
SFC Specific fuel consumption TMB Tetra-Methyl-Benzene
cp Specific heat coefficient Ti Inlet compressor temperature
T3 Inlet combustor temperature T4 Inlet turbine temperature
1. INTRODUCTION

1.1 Overview

The combustion processes specific to jet engines involve aerodynamic, thermodynamic,
combustion chemistry and heat transfer aspects with implications for performance and
environmental pollution reduction. The operating performances of a combustion chamber
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depend on atmospheric parameters and operating parameters, the latter being dependent on the
constructive (design) characteristics.

Numerical simulation methods involve the use of mathematical models to simulate the
the physical and chemical processes in combustion chambers. The chosen method is built on
a simplified 1D engine system model which is based on energy and mass balances. The
limitations imposed by the constructive concept or the usage regime determine optimal usage
intervals of a combustion chamber, limitations highlighted in the parametric analyses in this
paper.

The paper aims to quantify the operating performance using parametric numerical
analyses for the combustion chambers of jet engines for theoretical conditions of software
instrumentation using GasTurb. For the parametric numerical analyses, a series of variables in
the operation of the combustion chambers can be considered, such as: fuel heating value
(FHV), burner part load constant (BPC), burner design efficiency (BDE), burner exit
temperature (BET) or burner pressure ratio (BPR) [1].

1.2 Theoretical
a. Fuel heating value (FHYV)

The calorific value (heat value) of the fuel has a direct influence on the operating performance
of jet engines. The heat value is the amount of heat released during the combustion of a
specified amount of substance.

A number of specialized references (commercial and scientific) provide values of the
characteristics of the most relevant fuels used in aviation [2, 4, 5, 6, 7, 9]. According to the
specialized references, we present some average reference values in Table 1.

Table 1. Fuels features [2].

Name POSF Description Average formula MW(g/mol)
Al 10264 JP8 CrosHo16 151.9
A 10325 JET A CiisHaig 158.6
As 10289 JP5 Ci2. Hns 166.1
C; 11498 Gevo ATJ Ci25H27.1 178.0
Cz 12223 Bimodal fuel C14/TMB C12A3Hz4_6 173.0
Cs 12341 High viscosity CiasHos 179.6
Cq4 12344 Low cetane, broad boiling Ci1.4Hoys 162.2
C5 12345 Flat bOlhl’lg C9_7H18A7 135.4
Ce 10279-2 Virend HDO SK Cii9H237 166.8

Caloric fuels values can also be calculated using online tools [3, 8]; a series of results can
be viewed in Table 2.

Table 2. Fuel heating values (Mj/kg) [3]

Fuel LHV HHV Fuel LHV HHV
Hydrogen 119,96 141,88 Methanol 20,09 22,88
Gasoline 43,44 46,52 Ethanol 26,95 29,84
Butane 45,27 49,20 Propane 46,28 50,22

Fuel heating value equation [16], the quantity of heat released (Q) is:
Q=m-c, At (D)

where: m —mass of the substance
cp— specific heat capacity
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At — temperature range
and Gross heating value (GHV) is:

Q
GHV = — 2
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where m; —mass unit
Higher heating value (HHV) is:
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Fig. 1 Fuel heating value, [17] Fig. 2 Fuel heating value vs water percent, [18]
and Lower heating value (LHV), is:
LHV = HHV —r - (W™ + 8,94 - H}) 4)

where r —heat of vaporization of water
W'—percentage of water in fuel

b. Overall efficiency

Overall efficiency (7,) of a propulsion system according to [1], is the ratio between the
mechanical work performed and the energy content of the fuel (see figure 3) and is given by

the following the equation:
F " Vo

Mo = m 5

where F-traction
Vo-air speed
Wefuel flow

Core Exit

Fig. 3 Overall efficiency data, [1]
or
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Vo
~ SFC-FHV
where SF'C — specific fuel consumption
c. Burner fuel flow (BFF)

This is determined by the air-fuel ratio and the engine air mass flow rate. The air-fuel ratio (f)
is influenced by the desired outlet temperature of the combustion chamber (T4) and the
calorific value of the fuel (FHV), while the air flow rate is a design characteristic of the engine
[1, 19]. The equation is:
AN
(7)1

f=,,b_.T(T_4) (M

cpTs Ty

Mo (6)

where Ti-turbine inlet temperature
Ts-combustor inlet temperature
ny-adiabatic efficiency
cp-average specific heat capacity (coefficient)
O-fuel heating value (FHV)

2. METHODS AND TOOLS OF ANALYSIS

GasTurb is a software tool used for numerical analysis (Figure 4) of the characteristics and
operating performances of the most important constructive types of aircraft propulsion systems
(turbojet, turboprop, turbo-engine, ramjet, etc.).

Fig. 4 GasTurb software GUI, [1]

GasTurb offers a series of modular analysis tools for: aerodynamic cycle analysis
(parameter evaluations), parametric analysis (detailed analysis), off-design (analysis of the
influences of external factors), fault diagnosis (cause identification analysis), [1, 10-14] or for
comparative analysis of external results [15].
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Fig. 5 GasTurb parameter analysis diagram

Detailed parametric analysis with GasTurb involves the following steps (see figure 5):
selecting the engine type (e.g. turbojet, turboshaft); selecting the analysis level (e.g. basic,
advanced); defining the analysis scenario (e.g. ground, in flight); entering atmospheric
parameters and engine operating characteristics; selecting the fuel type (e.g. generic, JP-4,
hydrogen); defining the parametric analysis values (parameter 1, parameter 2); defining the
graphic export parameters (parameter 1, parameter 2); displaying the parametric graphic
results; exporting numerical data.

3. PARAMETRIC ANALYSES ON THE COMBUSTION PROCESS
3.1 Input data analysis

The method instrumentation was performed with the parametric analysis module of the
GasTurb software for predefined data of a theoretical turbojet engine (see table 3).

Table 3. General theoretical characteristics of turbojet engine

Parameter Value Parameter Value

Total temperature T, 280K Total pressure P, 99 kPa
Environmental pressure Pamp 100 kPa Relative humidity 0%
Air flow 32 kg/sec Inlet pressure 0,99

Intake pressure ratio 12 Burner exit temp 1450 K

Burner part load constant 1.6 FHV (reference) 43.124
Mechanical efficiency 0.97 Burner Pressure ratio 0.97

Isentropic compressor efficiency 0.85 Nominal spool speed compressor 14000
Isentropic turbine efficiency 0.89 Nozzle exit petal angle 20°

To quantify the influence of combustion performance of a combustor, we used a series of
input data of two groups of parameters: atmospheric and operating. These parameters are:
atmospheric temperature (T1), atmospheric pressure (P1), burner design efficiency (BDE),
combustion process pressure ratio (BPR), combustor outlet temperature (BET), fuel calorific

value (FHV), burner fuel flow (BFF). The numerical analysis cases are indicated according to
table 4.
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Table 4. GasTurb numerical analysis cases

Cases Feature 1 Feature 2 Feature 3 Goal
a FHV BPR BFF NT
b FHV BET BFF NT
c FHV T BFF NT
d FHV P, BFF NT
e FHV BDE BFF NT

3.2 Software analysis cases
a. Fuel heating value (FHV)-burner pressure ratio (BPR)— burner fuel flow (BFF).

The initial data selected for numerical analysis are highlighted in Table 5.
Table 5. Parametric analysis input data BPR-FHV-BFF

Parameter Value Parameter Value
Burner pressure ratio 0.64+1 Number value/Step size BPR 10/0.04
Fuel heating value 20+140 MJ/kg Number value/Step size FHV 13/10
Burner fuel flow 0,2+1,6 kg/s Step size BFF 0,2

Fuel Healing Value =20 _ 140 [MJg] Dottt Lines = Burnes Presee Rt Fusl Heabing Value =20 _ 140 [MUkg] Detied Lines = Bumas Fusl Flow a1
Burner Pressure Ratio = 0.64 .. 1 Bumer Presswe Ratio=064... 1

Fuel Heating Value [MJ/kg]
Fuel Heating Valus [MJfkg]

Net Thrust [kN) Net Thrust [kN]

a b
Fig. 6 Parametric analysis: a. burner pressure ratio (BPR)—fuel heating value (FHV) vs net thrust
(NT), b. burner pressure ratio (BPR)—fuel heating value (FHV)- burner fuel flow (BFF) vs net thrust (NT)

Figure 6 shows the influence of increasing burner pressure ratio, i.e. decreasing pressure
losses (BPR), on increasing net thrust (NT) values, with the design point at NT=30.1 kN for
BPR=0.97 and FHV=43.1 Mj/kg and the values NTm.x=31.5 kN (fig. 6a) vs NTmax=31.1 kN
(fig. 6b), so minimizing pressure losses (BPR) leads to increasing overall engine efficiency
(NT) for a fixed value of FHV.

b. Fuel heating value (FHYV)- exit temperature (BET)-burner fuel flow (BFF).

The initial data selected for numerical analysis are highlighted in Table 6.
Table 6. Parametric analysis inputdataFHV-BET-BFF

Parameter Value Parameter Value

Burner exit temp 1150+1600 °K | Number value/Step size BET 10/50

Fuel heating value 20+140 MJ/kg | Number value/Step size FHV 13/10
Burner fuel flow 0,2+1,6 kg/s Step size BFF 0,2

According to figure 7, the influence of the fuel heating value (FHV) on the net thrust
values is observed, with the design value of NT=30.1 kN at a burner exit temperature (BET)
of T=1400k and the values NTmax=34.1 kN (fig. 7a) vs NTmax=34.0 kN (fig. 7b).
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Fig. 7 Parametric analysis: a. fuel heating value (FHV)-burner exit temperature (BET)vs net thrust (NT),
b. fuel heating value (FHV)-burner exit temperature (BET)-)- burner fuel flow (BFF) vs net thrust (NT)

c. Fuel heating value (FHV)-temperature T;—burner fuel flow (BFF).

The initial data selected for numerical analysis are highlighted in Table 7.
Table 7. Parametric analysis input dataT:—-FHV-BFF

Parameter Value Parameter Value
Temp T, 250+330 °K Number value/Step size T, 5/20

Fuel heating value 20+140 MJ/kg Number value/Step size FHV 10/13
Burner fuel flow 0,2+1,6 kg/s Step size BFF 0,2

According to figure 8, the influence of the increase in temperature T, on the increase in
net traction values is observed, with the construction point at T;=280K for 30.1 kN and the
values NTmax=34.2 kN (fig. 8a) vs NTmax=34.0 kN (fig. 8b).

Fusi Hesting Vaiue = 20 _ 140 (iAg) Out i = Tt Tamparaios 119 Fusi Haaing Vaius = 20 _ 140 Mivg) [Ty ————
Totat Tomporature 11 = 250 _ 330 5 Total Temparaturs T1 = 250 _ 1305

Fusl Heatng Value MJkg]
g
Fuel Heating Value [M.kg]
8

20
Met Theust k]

a b

Fig. 8 Parametric analysis: a. fuel heating value (FHV-temperature T1 vs net thrust (NT),
b. fuel heating value (FHV)-temperature T1 —burner fuel flow (BFF) vs net thrust (NT),

d. Fuel heating value (FHYV)-total pressure(P1)—burner fuel flow (BFF).

The initial data selected for numerical analysis are highlighted in Table 8.

Table 8. Parametric analysis input data P1— FHV-BFF

Parameter Value Parameter Value
Total pressure 90+110 kPa Number value/Step Py 3/5
Fuel heating value 20-140 MJ/kg Number value/Step size FHV 10/13
Burner fuel flow 0,2+1,6 kg/s Step size BFF 0,2
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According to figure 9, the influence of the increase in total pressure P on the increase in
net traction values is observed, with the construction point at P;=90 kPa for NT=30.1 kN and
the values NTmax=31.5 kN (fig. 9a) vs NTmax=30.8 kN (fig. 9b).

Fusl Heaing Vaius = 20 _ 140 kgl [Ty ——— Fuel Heating Value = 20 140 Mgl Dot Lives B et Pl Bl
i Total Pressure P12 90 110 BPa]

Total Preasure P1 = 90 _ 110 iPal

Fual Haating Valus M Jkg]
Fusl Heating Valus [MJVeg]

Net Thrust k] et Thrust [kN]
a b

Fig. 9 Parameter analysis: a. total pressure (P1)—fuel heating value (FHV) vs net thrust (NT),
b. total pressure (P1)—fuel heating value (FHV)-burner fuel flow (BFF) vs net thrust (NT)

e. Fuel heating value (FHV)-burner design efficiency (BDE)— burner fuel flow (BFF).

The initial data selected for numerical analysis are highlighted in Table 9.

Table 9. Parametric analysis input data BDE-FHV-BFF

Parameter Value Parameter Value
Burner design efficiency 0.6+1 Number value/Step size BDE 5/0.1

Fuel heating value 20+140 MJ/kg Number value/Step size FHV 10/13
Burner fuel flow 0,2+1,6 kg/s Step size BFF 0,2

According to figure 10, the influence of the increase in the combustion chamber design
efficiency (BDE) on the net thrust (NT) values is observed, with the design point at BDE=1
for NT=29.7 kN and the similar values NTm.x=32.4 kN (Fig. 10a and Fig. 10b).

Fusl Hesting Vakoe « 20 140 Mikg] e i B Gt Eiry Fusl Hesing Vakve = 20 140 MJkg] ot Line = B Foi Flom Bl
Bumer Design Ellciency =06 _ 1 Bumar Design Eicency = 06 1

Fusl Heating Vakue [M.Jkg]

Fuel Heating Vlue M.JAcg)

Fig. 10 Paramatric analysis: a. fuel heating value (FHV)-burner design efficiency (BDE)
vs net thrust (NT) b. a. fuel heating value (FHV) — burner design efficiency (BDE) - burner fuel flow (BFF)
vs net thrust (NT)

3.3 Parametric numerical results

Numerical simulations performed based on the selected construction parameters and analysis
conditions generated the results according to Figure 11. As expected, all parameters considered
have an influence on the maximum net traction (NTma) values compared to the reference
values of the construction points (figure 11a).
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NT2 (kN) control point

——NT2 (kN) control point

PLEHY (k) BOEFHY (k) FHV-BPR-BFF FHV-BET-BFF FHV-T1-BFF FHV-P1-BFF FHY-BDE-BFF

a b

Fig. 11 Comparative data of parametric analyses, a. NT construction point vs NTmax,
b. NTzconstruction point input parameter

Figure 11b shows variable influences (1kN difference) on the net thrust values (NTmax) by
the imposed secondary parametric conditions (burner pressure ratio-BPR, burner exit
temperature-BET, parameters at section 1-T; and Py, burner design efficiency-BDE).

Figure 12 shows the variation of the influence of the secondary parameters on the 5
analysis cases. The large differences in the tensile values can be observed when the

temperature T is involved (value variation of 15%).
342 = 342 5
34
33 374 374
32 315 - 114
31 307
. 29 3 29. 30 20 29 29, 29
29 28.
28
27
26
PO N T

: < &) b, < X o by &
B & o & & & ¢ &
2 o &

W NT-control point (KN) B Ntmax (kN)

Fig. 12 Comparative data of parametric analyses, NT construction point vs NTmax, (5 cases)

4. CONCLUSIONS

The analysis of combustion processes in turbojet engine combustors can be instrumented using
numerical simulation methods based on 1D system models (mass and energy estimation) even
if they provide few details about local phenomena in the combustion chamber.

The study focused on the analysis of the influence of fuel types (through FHV, BPR, BET,
T1, P1, BDE values) on the net thrust (NT) values. The paper provides numerical data on the
influence of FHV values that are exposed in 5 analysis cases based on 2 or 3 parameters. The
numerical analyses provide an initial perspective of the influence of FHV values on the
performance of a theoretical turbojet engine together with a series of secondary parametric
factors that augment the maximum net thrust (NTmax) value.

To increase the reliability of the results of numerical simulations, with the help of
GasTurb, it is necessary to substantiate multiple parametric simulations that take into account
the use of both the characteristics and performances of real propulsion systems and the
technical specifications of biofuels.
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