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ABSTRACT
Malfunctions in the combustion chamber of aircraft engines influence downstream turbines. If individual burners vary

in their performance, cold or hot streaks can enter and propagate through the turbine section and alter the temperature dis-
tribution in the exhaust of the engine. Analysing the variances in the temperature distribution of the exhaust jet provides
information on the failure modes of the combustor. This can be used to identify damage to the aircraft engine, accelerate
the inspection process and reduce maintenance cost. To investigate the influence of combustor failure on the temperature
distribution, CFD simulations of a defined defect are carried out in this paper for a real size gasturbine engine. For this
purpose, the total failure of one fuel nozzle in the combustion chamber, which results in a cold gas streak entering the tur-
bine, is simulated. The cold streak is analysed by performing a turbine simulation for which the combustor exit profile is
used on as an inlet condition. The simulations were performed using two different techniques. A frozen-rotor approach was
used for the steady-state method to estimate the geometric influence on the mixing. The influence of the blade rotation is
considered via unsteady simulation. The disturbance width and propagation were determined for both methods. The mixing
and dispersion processes are found to be strong in the high pressure part of the turbine and are strongly influenced by the
engine rotational speed.

INTRODUCTION
Within the Collaboration Research Center (CRC) 871 ’Regeneration of Complex Capital Goods’ at Leibniz University

of Hannover, a method is being developed to obtain information about the state of an aircraft engine by analysing the
exhaust jet. The method is based on the hypothesis that defects in the combustion chamber lead to characteristic flow
temperature patterns in the exhaust jet. These patterns can be measured and allow the classification of damage without
having to disassemble the engine, which helps to reduce time and cost during maintenance, repair and overhaul (MRO)
(Adamczuk et al., 2013; Hauptmann et al., 2015). To assess damage, the mixing of these patterns in the turbine section must
be understood. Numerical simulations are used to investigate how different defects affect the resulting temperatures and
how they propagate in the hot gas path. This approach is based on earlier studies with a model ring burning chamber with
one defined faulty burner. More detail, including an assessment of the numerical prediction by comparison to the experiment
can be found in von der Haar et al. (2016) and Hennecke et al. (2017). The feasibility of detecting and classifying faulty
burner configurations using machine learning algorithms in a model combustion chamber was demonstrated, see von der
Haar et al. (2021) and Oettinger et al. (2021). This paper describes a method for analysing and quantifying the mixing of the
defect pattern in the turbine section of a real size gasturbine and investigates how it affects the turbine blade aerodynamics.
The focus is on damages in the fuel supply line of individual burners. The fuel flow can be reduced due to clogging, which
creates a cold gas streak that propagates through the combustor (Hennecke et al., 2019) and downstream turbine to the
exhaust jet. This is a defect that will be investigated experimentally in the future within the CRC. Numerical simulations
show that it is possible to train a machine learning algorithm to correctly identify faults in the hot-gas path by analysing the

This work is licensed under Attribution 4.0 International (CC BY 4.0)
See: https://creativecommons.org/licenses/by/4.0/legalcode

https://www.gpps.global
https://orcid.org/0000-0002-1279-1933
https://orcid.org/0000-0002-4713-2487
https://orcid.org/0000-0003-2007-7905
https://orcid.org/0000-0002-9679-8349
https://creativecommons.org/licenses/by/4.0/legalcode


exhaust jet density distribution (Oettinger et al., 2021).
In this paper, the formation and the mixing of the the cold gas streak is calculated using CFD simulations. The combustion
chamber and the consecutive turbine section are calculated as individual numerical domains where the combustor outlet
plane serves as an interface. The flow field at the outlet of the combustor is used as the inlet condition for the turbine
simulation. The temperature profiles of each turbine row are analysed. By fitting a Gaussian distribution to the angular
temperature distribution at each row, the full width at half maximum (FWHM), the streak position and their propagation
through the turbine section can be determined. With both steady and unsteady simulation approaches for the turbine section,
the influence of geometrical turning and rotation can be individually assessed. The following questions will be addressed
with this approach: To which extend is the initially narrow cold gas streak widened during the turbine passage? What
influence does the blade curvature and the rotational speed have on the mixing and the streak position? Which influence
has the cold gas streak on the mechanical forcing in the turbine section? In addition, an approach is introduced with which
the defective fuel nozzle can be localised when analysing the exhaust gas jet.

AIRCRAFT ENGINE
The high-bypass turbofan engine for mid-to-long-range aircraft analysed here features a fan, low-pressure compressor

(LPC), high-pressure compressor (HPC), combustion chamber (CC), high-pressure turbine (HPT), low-pressure turbine
(LPT) and a thrust nozzle.

The aircraft engine has a Rich-Burn, Quick-Mix, Lean-Burn (RQL) combustion chamber and is able to generate a max-
imum thermal power of over 45 MW. The fuel is injected and burned with 20 equidistantly spaced fuel spray nozzles. Each
fuel nozzle consists of two concentrically arranged swirl grids, which create a recirculation area in the primary combustion
zone. This recirculation stabilizes the flame, improves the mixing of fuel and air and increases the residence time. There
are dilution holes in the outer and inner liner, which will cause a quenching and a fast leaning of the flame stoichiometry
(Lefebvre and Ballal, 2010). Cooling slots are also located in the dome and the liners to protect the chamber walls from hot
temperatures.
The turbine section comprises the two-stage high-pressure turbine (HPT), followed by a five-stage low-pressure turbine
(LPT), and it ends downstream with the exit guide vane (EGV). The simulated domain is a 90° segment, equaling the pitch
of the combustion chamber domain. Cooling mass flows in the HPT have been neglected to reduce the complexity and sim-
ulation duration, as this paper focuses on the streak mixing process rather than the thermal criticality of such disturbances.

Table 1 Number of blades of the simulated 90° segment

HPT row R1 R2 R3 R4
Number of blades 10 16 9 18

LPT row R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 EGV
Number of blades 22 24 22 25 23 22 25 21 24 22 3

METHODOLOGY
Engine performance and boundary conditions

The simulation of the engine steady-state performance is carried out using a performance synthetic calculation al-
gorithm which was developed by Goeing et al. (2020) and Salomon et al. (2021). The steady-state operating points are
computed based on the engine matching technique. Input parameters such as boundary conditions and the miscellaneous
performance maps of the single components are required. Afterwards, the iterative engine matching starts with a global
cycle calculation of the turbofan engine. Inside of the cycle calculation, the thermodynamics and performance of the mis-
cellaneous components are determined, including Mach number and fuel to air ratio (FAR) iterations. In addition to the
input parameters, estimates of the iteration parameters such as N1, bypass ratio (BPR), turbine inlet temperature Tt4 and the
GL-lines, which are auxiliary coordinates inside of the performance maps, are also needed for the cycle calculation. For
the iteration, the Newton-Raphson method is applied. In this study, the boundary conditions for maximum thrust operating
point are simulated to investigate the impact of the deteriorated fuel spray nozzle (FSN). With a fully functional FSN, a
thrust of 109 kN, a N2/N1 speed ratio of 13972/4807 min−1 is achieved at this operating point.

Numerical Setup
From the performance simulation, the boundary conditions for the CFD simulations of the combustion chamber and the

turbine are provided. The combustor simulation domain consists of a 90° segment of the hot-gas path which contains five
fuel nozzles. Periodic boundary conditions are set at the separating planes. The diffusor and the casing are not considered
in the simulation. The mass flows of the cooling slots, dilution holes and dome cooling were defined individually. For this,
the total inlet mass flow was divided with respect of the area ratios. Figure 1 shows the numerical domain of the combustor
segment. Within this work, a defect case of a total thermal power loss at one fuel nozzle due to clogging in the fuel line

2



is assumed. For this purpose, the fuel mass flow in the middle fuel nozzle of the segment is set to 0, while the air flow is
assumed to be as in the normal operating fuel nozzles. The combustor domain is discretised using a tetrahedral mesh with
45 million cells including prism layers. The cooling system and the dilution jets are set up as individual mass flow inlets.
Meshing and calculations were carried out using the ANSYSMeshing and ANSYS Fluent 18.2 software package. The k-ω-
SST turbulence model (Menter, 1994) is used for the stationary RANS simulations, as earlier detailed studies have shown its
advantageous simulation behaviour within the limits of necessary spatial resolution and realistic simulated features within
a complex combustor flow (Hennecke, 2018). For the combustion, the implemented non-premixed combustion model
in ANSYS Fluent was used. The thermochemistry is preprocessed and tabulated as a look-up table, which allows the
calculation of the transport equations with only two conserved scalars: the mixture fraction and mixture fraction variance.
Considering the fluctuating mixture fraction at a fixed point in the fluid for a period of time, a probability density function
(PDF) of the mixture fraction is obtained. The PDF represents the turbulence-chemistry interaction and is preprocessed from
the mixture fraction and its variance. It corresponds to shapes that were determined experimentally. (Jones and Whitelaw,
1982; ANSYS, 2018a) Due to the high complexity of spray breakup and evaporation, gaseous Jet-A is chosen as fuel for the
simulation as a simplification. The simulation is performed using a pressure-based solver and the SIMPLE algorithm for
the pressure-velocity coupling (Vandoormaal and Raithby, 1984; ANSYS, 2018a). The PRESTO! scheme is recommended
by ANSYS for swirl flows and is used in the simulations as the pressure discretisation method (Rhie and Chow, 1983;
ANSYS, 2018b). The model and boundary set up for the combustor and turbine simulation are listed in Table 2. Turbine
and combustion chamber are simulated separately with no direct coupling between the components.

Table 2 CFD setup and boundary conditions

Models Combustor Turbine
CFD Approach RANS RANS (Steady) - URANS (Unsteady)
Row Interfaces - Direct

Turbulence Model k−ω −SST k−ω −SST
Combustion Model non-premixed PDF -

Boundary Conditions Comb. Inlet Comb. Outlet Turbine Inlet Turbine Outlet
Temperature 819 K - = Comb. Outlet -

Massflow (90° segment) 9.83 kg/s (air) - = Comb. Outlet -
Static Pressure - 2665 kPa = Comb. Outlet 120.5 kPa

The finite-volume solver TRACE 9.1.538 of the German Aerospace Center (Franke et al., 2005) is used for the nu-
merical simulations of the turbine. The numerical setup has a total resolution of 93 million cells, subdivided in 32.91 %
HPT, 66.17 % LPT and 0.91 % EGV. For all calculations, a second-order accurate Fromm scheme (Darwish, 1993) using
no limiter is used for spatial discretisation. Turbulence is modeled using the shear stress transport model (k−ω −SST) by
Menter (1994) with the correction by Kato and Launder (1993) to correct the overproduction of turbulent kinetic energy at
the stagnation region. Rotational effects are considered using the modification by Bardina et al. (1985). Blade transition
is modelled by a multi-mode model (Kožulović et al., 2007) and all walls are resolved with the wall-bound cells adhering
to y+ ≤ 1. For unsteady calculations, in addition to the previously specified settings, an Euler backward 2nd order time
discretisation scheme with 1080 timesteps per period and 30 sub iterations was used. The Courant-Friedrichs-Levy number
is set to CFL = 50. These parameters were derived by a timestep study of the mid-span flow path of the HPT. The number
of time steps per period of the unsteady simulation was determined based on the maximum number of blades of the high-
pressure turbine. The study were carried out with 720, 1080 and 1440 time steps per period and 10, 20 and 30 sub iterations.
The configuration with 1080 time steps per period and 30 sub iterations showed the best sub iterative convergence of the
temperature and mass flow. For this reason, this setting was chosen for further simulations.

Two-dimensional boundary conditions at the high-pressure turbine (HPT) inlet are specified as obtained from the com-
bustion chamber simulation. The following parameters were transferred: coordinates, total pressure, velocity components
and magnitude, total temperature, Mach-Number, turbulent kinetic energy, turbulent intensity and turbulent dissipation rate.
At the exhaust guide vane (EGV) outlet, the back-pressure is taken from the one-dimensional performance calculation. For
the inter-row coupling between rows of HPT and low-pressure turbine (LPT), as well as between both components, direct
interfaces are used for both steady and unsteady simulations, i.e., the steady-state simulation is a frozen-rotor calculation.
Unsteady simulations are restarted from the steady results and were performed for nine sectional revolutions after which
they achieved convergence. For the analysis, the results were time-averaged for five revolutions after four revolutions.

A grid convergence study is carried out for the steady-state simulation of the HPT, LPT and combustion chamber
according to the methodology introduced by Roache (1994). Using this approach, both a finer and a coarser mesh is obtained
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from the reference grid. The refinement factor for the turbine is R32 =R12 = 0.76. The distance of the first wall cell was
kept constant. A safety factor FS = 1.25 is set as three grids are used for the study. The relative error ea of the mass
flow decreases with the grid refinement in both turbines. The relative error to the estimated Richardson extrapolated result
(EERE) changes by 3× 10−6 in the HPT with an order of convergence of ρ = 4.70 and 8× 10−6 in the LPT (ρ = 10.88)
when comparing the grids. For the combustion chamber, two coarser meshes were obtained from the reference grid with
a refinement factor of R32 =R12 = 0.88. The resulting GCI values were calculated with a safety factor of FS = 1.25 and
can be found in in table 5. With all grid convergence indices GCI < 0.2% (see Table 3, 4 and 5), the reference meshes are
sufficient and the influence of the grids can be neglected.

Table 3 Grid Convergence Index (GCI) of the HPT outlet mass flow and mass-averaged temperature

ṁ1/ṁref ṁ2/ṁref ṁ3/ṁref e21
a e32

a ρ EERE21 EERE32 GCI21 GCI32

1.1113 1.1100 1.1095 0.002255 0.002254 4.70 0.0004 0.0001 0.00042 0.00012

T1/Tref T2/Tref T3/Tref e21
a e32

a ρ EERE21 EERE32 GCI21 GCI32

1.00175 0.99861 0.99964 0.000880 0.000875 4.19 0.0014 0.0004 0.00143 0.00044

Table 4 GCI of the LPT outlet mass flow and mass-averaged temperature

ṁ1/ṁref ṁ2/ṁref ṁ3/ṁref e21
a e32

a ρ EERE21 EERE32 GCI21 GCI32

1.2990 1.2768 1.2758 0.0199 0.0196 10.88 0.00085 0.00005 0.0011 0.0006

T1/Tref T2/Tref T3/Tref e21
a e32

a ρ EERE21 EERE32 GCI21 GCI32

1.00211 1.00015 1.00001 0.000149 0.000013 9.38 0.001309 0.001307 0.00018 0.00002

Table 5 GCI of the combustor outlet mass-averaged temperature

T1/Tref T2/Tref T3/Tref e21
a e32

a ρ EERE21 EERE32 GCI21 GCI32

1.00322 1.00267 1.00134 0.8452 2.0345 5.12 0.00267 0.00134 0.00083 0.00167

Characterising mixing
To investigate the propagation of the cold gas streak inside the turbine, the temperature distribution at the entry of each

row (R) of the turbine is analysed. The high-pressure turbine (HPT) has two stages with four rows R1-R4. The five stages
in the low-pressure turbine comprise ten rows R5-R15. The HPT and LPT have differently curved blades which rotate
at different speeds. The temperature distribution between the HPT and LPT is additionally investigated at the interface
area between them, being designated as ’HPTLPT’. To get a better understanding of which positions were used for the
investigation, the evaluation positions are shown in Figure 2. For an evaluation of the mixing process of the streak through
the turbine section, the temperatures at the inlet of each row are evaluated first as a function of the circumferential angle ξ by
determining the average temperature from the calculated thermal distribution. Spatial averaging is done in radial direction
of the flow channel for every angle. Assuming a sufficiently stochastic turbulent flow within the turbine section, the cold
streak creates a temperature distribution from which the deviation to the mean temperature at the relevant turbine section
can be fitted to a Gaussian distribution curve.

θ(ξ ) =
θ0√
2πσ 2

exp(− (ξ −φ)2

2σ2 )+T0. (1)

Here, the characteristic Gaussian curve parameters are the circumferential direction ξ , the circumferential position φ
of the streak and the standard deviation σ as a measure of the gas streak width, while the normalisation factor θ0 has a
negative value for cold gas streaks. T0 represents the mean temperature of the surrounding gas at the relevant section. The
full width at half maximum (FWHM) of the streak is related to the standard deviation with 2

√
2ln2σ . With this approach, it
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is possible to calculate the change ∆FWHM due to mixing and the circumferential shift ∆φ of the streak per stage. Knowing
the number of stages n in the engine, it is possible to determine the total mixing and streak shift in the hot gas path from
equation 2 and 3.

∆FWHMtotal = nHPT(∆FWHM/Stage)HPT +nLPT(∆FWHM/Stage)LPT (2)

∆φtotal = nHPT(∆φ/Stage)HPT +nLPT(∆φ/Stage)LPT (3)

φDefect = φEGV −∆φTotal (4)

The position of the defective burner can be determined from the temperature distribution in the exhaust gas jet. For this
purpose, the streak position φEGV is determined downstream of the exit guide vane and used in Equation 4. Note that this
is valid only for the rotational speed considered here. For a more general statement, further investigations must be carried
out taking different turbine speeds into account.

FLOW FIELD ANALYSIS
The flow field of the exhaust jet through the turbine and exit guide vane section has been calculated for a full load test

case at take-off operation condition with an overall thrust of 109 kN, with rotational speed of the low-pressure turbine of
N1 = 4807 min−1 and high-pressure turbine N2 = 13972 min−1. Two numerical simulation approaches have been followed.
For a first study, steady-state RANS simulations were performed, assuming a frozen rotor position in the turbine. Based
on this, an unsteady RANS simulation has been done. The three-dimensional flow field and combustion process within
the combustor have been simulated numerically. Figure 1 shows the investigated combustor segment. The resulting flow
and temperature distribution at the combustion chamber exit plane has been used as an inlet boundary condition for the
turbine simulations. The right side in Figure 1 shows the temperatures at the combustor outlet in order to visualize the cold
gas streak in the combustion chamber. The fitted gaussian curve, the FWHM and the streak position are also plotted. The
circumferential position of the defective fuel nozzle is 45°. The contour plot shows the cold gas streak at the circumferential
position of the modified fuel nozzle.

Figure 1 Numerical domain of the combustor (90 degree segment) with defective nozzle (left) and static temperature
distribution at combustion chamber outlet with streak position φ and FWHM (right)

All relevant flow quantities are passed from the combustor exit plane to the turbine section. The transfer is assumed
to be unidirectional, a backward coupling from the turbine to the combustor section is neglected. The resulting temperature
field at midspan in the turbine for the steady simulation is shown on the left side in Figure 2. The cold-gas streak is clearly
visible. It is transported through the entire turbine section and becomes wider with each row, as it gradually mixes out. In the
LPT section, the cold gas streak passes through the turbine without much circumferential displacement. From the converged
steady simulation results, subsequently also the unsteady simulation results have been obtained with the numerical methods

5



being described before. For that, the unsteady simulations are started from the steady results and were performed for nine
sectional revolutions. The instantaneous resulting temperature distribution after nine periods for this unsteady simulation is
shown on the right side of Figure 2. For the analysis, the results were time-averaged. The cold gas streak is visible through
the whole turbine section. It should be noted, that the position of the cold gas streak rotates in circumferential direction
in such a way that within the high-pressure turbine it moves to the left side, and then in the low-pressure turbine appears
again on the right side (due to the assumed periodic boundary condition each 90 degree). In the rows R8 to R15 the cold gas
streak is again clearly visible, still rotating in the rotational direction of the turbine. In the exit guide vane, the rotational flow
component is converted to a purely axial flow. Comparing inlet to outlet position, the cold streak moves 81.4° in rotational
direction in total across the hot-gas path. The displacement of the streak is ∆φHPT =−49.3° in the HPT, ∆φLPT =−35.5°
in the LPT and ∆φHPT LPT = 3.4° in the HPTLPT section. The HPT has fewer stages and the rotational speed is almost three
times higher.

Figure 2 Static temperature distribution through the HPT (R1-R4), HPTLPT, the LPT (R5-R15), and the EGV. 90 degree
segment with midspan contour - assuming periodic boundary conditions in circumferential direction. Left: Steady
RANS simulation with frozen rotor approximation, Right: Instantaneous unsteady RANS result after nine sectional
revolutions with considerations of moving rotor blades, the arrows indicate the streak propagation

STREAK ANALYSIS
In the following the cold gas streak is evaluated in more detail. The steady solution shows how the mixing is influenced

by the blade turning, while the unsteady solution shows the impact of the blade rotation. In Figure 3 an example of the
circumferential temperature distribution is shown in the position R8, inside the low-pressure turbine section. Here, both
the steady and unsteady simulation profiles are shown with average temperatures in the range of 950 K. The streaks are
clearly visible, reaching a temperature minimum of about 800 K for the unsteady and of 750 K for the steady simulation.
The deviation to the surrounding temperature is plotted for both cases in the lower part of the figure. Here, also the fitted
Gaussian curve is shown for the steady and unsteady case.

6



Figure 3 Circumferential temperature distribution and fitted Gaussian curves at position R8

From the fitted Gaussian curves, the FWHM values can be determined with high accuracy. In this case, the steady
solution leads to a value of the FWHM of 19.3°, while the unsteady simulation leads to a FWHM value of 23.6°. Obviously,
the unsteady simulation accounts for a higher degree of mixing. Also the maximum temperature deviation between the cold
gas streak and the ambient temperature can be determined from the fitted gaussian curve, which in this case is found to be
TSteady −TSteady,min(= 197K) for the steady simulation and TUnsteady −TUnsteady,min(= 137K) for the unsteady simulation.
In Figure 4 the development of the streak width is shown for all planes through the turbine. The 95 % confidence intervals
of the fitting parameters are also plotted. In the steady simulations the FWHM increases especially in the high-pressure
turbine to 17.7°, while it remains constant (within evaluation accuracy) in the low-pressure turbine. In total, the FWHM
increases by 3.3° in the steady simulation. The HPT blades have a higher curvature compared to the blades in the LPT,
which leads to a considerably stronger mixing in the HPT. The blade curvature of the rotors and stators is similar. In the
unsteady simulation, the streak width increases further, in the HPT to about 21° and in the LPT to 25° FWHM. In Table 6
the increase of the streak width and the streak shift is evaluated per stage. For the unsteady simulations an increase of the
FWHM is found to be around 2.7◦/Stage for the HPT and 0.7◦/Stage for the LPT. The causes for higher mixing in the
HPT are both the blade rotation (i.e. interaction between streak and rotor), the higher rotational speed of the HPT and the
circumstance that the streak first enters the HPT. Across the LPT, the mixing process diminishes more and more.

Figure 4 Disturbance FWHM for steady and unsteady simulation
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Figure 5 Streak position for steady and un-
steady simulation

In the following, the shift of the cold gas streak is evaluated.
The streak positions for all rows are plotted in Figure 5 both for the
steady and the unsteady simulation. Comparing steady-state and
unsteady simulations shows that the change in the streak position
across stators (odd to even rows, e.g. R3-R4 or R7-R8) is consis-
tent. As this change only depends on the stator blade curvature,
i.e. flow turning, it can be predicted by the steady-state simulation.
Unsurprisingly, steady-state simulations are not capable of captur-
ing the influence of rotation, resulting in high deviations across the
rotor rows (even to odd rows, e.g. R2-R3 or R8-R9). The total
streak displacement in the steady simulation is −3.3°. It is found
that the greatest influence on mixing and streak propagation de-
rives from the rotating rows. The HPT and LPT rotate at different
speeds, which must be taken into account. Again, the streak shift
∆φ is considered on a per-stage basis by comparing the streak shift
per stage. The rotational speed of the HPT is 2.34 times higher than
that of the LPT. The streak shifts by −24.7◦/Stage in the HPT and
−7.1◦/Stage in the LPT.

For the defect localisation from the exhaust jet, the defective
fuel spray nozzle can be determined by a backward calculation of
the shift of the streak positions. For this purpose, the temperature
at the engine outlet after the EGV is used, which can be seen in
Figure 6. Since the cold streak is located at the periodic boundary,
the flow field was duplicated to obtain an 180° segment for evalu-
ation. Now that the mixing ∆FWHM and streak shift ∆φ per stage
are known, applying Equation 2 and 3 results in a total mixing of
∆FWHMTotal = 8.9◦ and a total shift of ∆φTotal =−84.9◦. In com-
parison, the total mixing throughout the turbine resulting from the
unsteady simulation is 9.7° and the total shift is −81.4°.

Table 6 FWHM and streak position φ in HPT and LPT

HPT (R1-R4) LPT (R5-R15)
∆FWHM/Stage Steady 1.2° 0°

Unsteady 2.7° 0.7°
∆φ/Stage Steady −4.8° 0.7°

Unsteady −24.7° −7.1°
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Figure 6 Normalized temperature distribution at EGV outlet

The downstream temperatures behind the EGV are averaged in radial direction of the channel and evaluated as a
function of the circumferential angle. The streak position φEGV at −35° can be determined from the fitted Gaussian curve
(Equation 1). Using Equation 4 with the calculated total streak shift ∆φTotal results in the defect burner position φDefect of
50°. The actual defect burner position is at 45°. Since the burner segments have a circumferential width of 18°, the defective
burner can be located despite the error. The simulations show that the cold streak is detectable in the exhaust jet despite the
mixing and that the detection of a defect by analysing the exhaust jet is possible.

Blade loading
A cold gas streak through the gas turbine means a change in mechanical load, as the local gas density is higher than

in the surrounding parts of the streak. This load factor on the blade aerodynamics and loading can be described with the
non-dimensional Zweifel number Zw (Zweifel, 1945).

Zw =

∫ TE
LE (pPS− pSS)d( x

cax
)

pt,LE− pTE
(5)

It is composed of the integrated pressure difference between pressure and suction side, and the pressure difference
between leading and trailing edge. As an example, the second HPT stator (R3) was selected for the evaluation of the
Zweifel number due to the high mixing by the first HPT rotor row. The evaluation were carried out at midspan. Figure 7
shows the Zweifel number as a function of the circumferential position. The steady simulation of the cold streak shows its
maximum value at 30°, being 20 % different to the average. The unsteady simulation shows an alternation between higher
and lower loaded blades at the affected area due to the higher influence of the rotor mixing. The maximum value is lower in
this simulation approach by about 5 %. This example shows that for a first conservative approximation the steady simulation
result could be used, which results in a slight overprediction of the mechanical load.
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Figure 7 Circumferential Zweifel number distribution at HPT vane 2 (R3) mid-span

CONCLUSIONS AND OUTLOOK
The mixing behaviour of combustion chamber defects in a real jet engine is investigated through CFD simulations of

the combustion chamber and turbine. By throttling one fuel spray nozzle, a cold gas streak is generated and its propagation
and mixing in the hot-gas path is analysed. In the turbine, a steady-state simulation with a frozen-rotor approach and an
unsteady simulation with the same set of boundary conditions are performed. The cold-gas streak is evaluated by analysing
the circumferential temperature distributions of each row in the turbine. This allows the quantification of the cold gas streak
mixing process, which is described by the full width at half maximum (FWHM) of the cold streak and the development
of the shift of the streak location φ . For the steady-state simulation with frozen rotor approach the FWHM increases by
3.3° across the entire gas path between turbine entry and exit guide vane, which shows the influence on the mixing by
the blade curvature. Here, the streak position only changes by −3.3° across the entire hot-gas path, as stators and rotors
cancel each other out when not accounting for rotation. The unsteady simulation shows that the blade rotation leads to a
higher mixing with an increase of the width ∆FWHM = 9.7° over the whole turbine passage. Here, a streak shift of ∆φ
= −81.4° is predicted. As the positional shift and the mixing process are significantly higher within the HPT than in the
LPT, separate values for the increase of the width and the shift of the positions have been defined. The approach allows
the determination of the location of the defect burner from the temperature distribution in the exhaust gas jet. Within this
example, this location is determined with an accuracy of 5°. The detailed numerical analysis of the cold gas streak through
the gas turbine passage allows an estimation of the blade loading forces coming from the higher density flow pattern in the
cold gas streak. Here, the steady simulation overpredicts the Zweifel number by 5 % compared to the unsteady simulation
yielding a conservative estimate of the blade loading. This work represents an initial analysis for predicting combustion
chamber defects from the exhaust gas jet. Experimental investigations will be carried out in the future on a real size engine
with further operating points and reduced defects.

NOMENCLATURE

ṁ Mass flow

ea Relative Error

R Refinement Factor

BPR Bypass Ratio

CC Combustion Chamber

CFD Computational Fluid Dynamics

CFL Courant-Friedrichs-Lewy Number

CRC Collaborative Research Centre

cax Axial velocity

DLR German Aeorospace Center

EERE Estimated Extrapolated Relative Error

EGV Exhaust Guide Vane

FAR Fuel-to-Air Ratio

FSN Fuel Spray Nozzle

FWHM Full Width at Half Maximum

Fs Safety Factor
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GCI Grid Convergence Index

GL Auxiliary Coordinates for Performance Simula-
tion

HPC High-Pressure Compressor

HPT High-Pressure Turbine

LE Leading Edge

LPC Low-Pressure Compressor

LPT Low-Pressure Turbine

MRO Maintenance, Repair and Overhaul

N Rotational Speed

PDF Probability Density Function

PRESTO Pressure Staggering Option

PS Pressure Side

p Pressure

RANS Reynolds-averaged Navier–Stokes Equations

RQL Rich Burn, Quick-Mix, Lean Burn

R Row

SIMPLE Semi-implicit Method for Pressure Linked
Equations

SST Shear Stress Transport

SS Suction Side

TE Trailing Edge

Tt4 Turbine Inlet Temperature

T Temperature

y+ Non-dimensional wall distance

Zw Zweifel number

ρ Order of Convergence

σ Standard Deviation

θ Gauss Distribution

φ Streak Position

ξ Circumferential angle
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