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ABSTRACT

This paper presents a physics-based, probabilistic mbael t
guanti es the impact of manufacturing variability on thepeu
to-cup and engine-to-engine variations of combustor liear-
perature and Low Cycle Fatigue (LCF) life. This probabidist

model is applied to a gas turbine engine combustor for a com- b=

mercial aircraft. The model is assessed using combuster lin

wall temperature measurements and combustor outlet gas tem m=
perature measurements. A Monte Carlo analysis shows tisatth r =

model estimates cup-to-cup combustor outlet temperatania-v
tions and liner wall temperature variations consistenhliese
measurements. Furthermore, this analysis indicates pipaoz-
imately 90 percent of the combustors designed to the caémlila
life using deterministic methods will most likely fail egt than
predicted. A sensitivity analysis identi es the thermalrier
coating (TBC) surface emissivity as the key driver of theimin
mum liner life for a combustor where the radiative loads ia th
primary zone far exceed the convection loads. Reducingahie v
ability of the TBC surface emissivity by 90 percent yields iam
imum liner life increase of seven percent of the nominalrline
life. However, these results are dependent on the accufdbg o
model and on the levels of manufacturing variability assdifoe
the input parameters. Other design parameters are showinéo d
combustor liner life for combustor where the radiative wade
comparable to the convective loads.
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NOMENCLATURE

c = random variable
M= mean value

s = standard deviation

V = coef cient of variation
beta distribution

mass ow conductance
mass ow rate

density

G=

DP = liner pressure drop
Ym = dome air mass ow surrogate
Dwv = cooling hole mass ow surrogate

| = total current
e= voltage potential
f = equivalence ratio
f = fuel-air ratio
T = temperature
PF = pro le factor
U= velocity
= turbulent mixing parameter
= Stefan-Boltzmann constant
= length
thickness
= liner heat ux
= convection heat transfer coef cient
e= emissivity
absorptivity
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thermal conductivity
ame luminosity factor
view factor
area
Im effectivhess
blowing ratio
slot height
LCF life
crack length
crack growth rate correction factor
stress intensity factor
standard response surface equation output
stress
mean beam length
metering hole diameter
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1 Introduction

The lifetime of a gas turbine combustor is typically limited
by the durability of its liner, the structure that surrounis hot
combustion gases and anchors the ame (Figure 1). The pyimar
objective of the thermal design process for a gas turbine-com
bustor is to ensure that liner temperatures do not exceedka ma
mum design temperature limit consistent with the combugtor
requirements, while minimizing the amount of Im coolingrai
used in the process. Combustor liner temperatures thatdxce
the maximum design temperature during ight operationsinan
crease thermally-induced LCF, leading to cracking and lngk
of the liner [1] (Figure 2). This design temperature is sebist-
allurgical limits of the nickel-based alloys used to couastrthe
liner.

Accurate estimation of combustor liner life requires a com-
bination of empirical correlations, high delity numericaod-

els, and rig testing. This process can take several months to

complete. Furthermore, geometrical and aerothermal hititia
arising from imperfect manufacturing processes introduce
certainty to the deterministic quanti cation of combustorer
life. In addition, the computational expense of the nuradric
tools used to estimate combustor liner life prohibit the afe
probabilistic methods. As a result, the effects of manuifidcg
variability are typically accounted for by making consdiva

Figure 1. Combustor cutaway

Figure 2. Combustor liner distress: cracking and burn-throughs (Cour-
tesy of Delta Airlines)

introduced a general robust design methodology for the High
Speed Civil Transport (HSCT) impingement-cooled comhusto
liner. They used a nite element model in order to estimate
the liner thermal loads deterministically. Using DesignEof
periments (DoE) technigues, they assembled a responsesurf
equation (RSE) for liner temperature as a function of séwvkra
sign parameters. The ame temperature, the Im coolinge&int

assumptions and adopting design margins based on experienc perature, and the hot-side convection coef cient weresilad

with similar products. However, using design margins daas n
necessarily lead to optimized combustor con gurationsha t
presence of manufacturing variability. Identi cation andti-
gation of the manufacturing variability sources that sicamtly
impact the mean and variance of combustor liner life is neargs
in order to achieve a robust design.

as noise parameters. Mavris and Roth showed that impingemen
hole spacing and the thermal barrier coating (TBC) thicknes
were the key drivers of liner temperature variance. Theasth
modeled the variability of the hot-side convection coeéut, the
compressor discharge temperature, and the adiabatic ame t
perature using triangular probability density functionbkgre the

Although there are several papers that focus on design with rst and second moment characteristics were based on degign

variability for gas turbine engines [3-5] and more broadiy i
elds other than gas turbine engines, there is little wonkared

perience. The triangular distribution was chosen becdeseue
natures of the probability distributions for these pararsetvere

on this area for gas turbine combustors. Mavris and Roth [6] not known.

2
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2 Scope of Paper o _ Means and Standard
This paper presents a probabilistic modeling methodology  InPUts peviations of Critical

for estimating the impact of manufacturing variability oone- Input Parameters Phvsical Model
bustor liner LCF life (Section 3). This model enables causal SR IO AL G SR
lationships to be established among key design paraméters,

tolerances, and liner life in a probabilistic manner. Weehalso Network Flow Model Baseline mass flow
; ; ; : etwork Flow Mode

directly assessed this model to allow us to assert its wpiBiec- conductances

tion 4). We have performed this assessment using combugtor r L J

data obtained during the nal development of the combussor a
well as data obtained during the subsequent use of the coanbus
in the eld. Furthermore, we have demonstrated a fundanhenta

(Equivalence Ratios)

s Y

(Bulk Temperatures)

mean shift in the combustor liner life distribution as a tesfl Bulk Gas Temperature

manufacturing variations (Section 5). Finally, we havelizgp (Model J

a one-at-a-time sensitivity analysis in order to identtig key
Local Gas Temperatur
Model

3 Probabilistic Model Overview
The probabilistic model presented in this paper is a simpli-
ed, physics-based model relating the impact of manufaatur

Heat Transfer Model 1

J (Local Temperatures)

variability to liner temperature and LCF life for a gas tumbi

combustor used on a commercial aircraft. This combuster,lin

which consists oN fuel injectors and ve liner panels, has sev-

eral annular slots for the injection of Im cooling air axigal Liner LCF Life Model Baseline liner

along ame side of the liner surface. The liner temperaturd a temperatures & stresse

drivers of combustor liner LCF life (Section 6). (Bulk TemperatureT

(Metal Temperatures) !
|
:
S
|
|
|

LCF life are estimated for a high temperature region doveastr

of the Im cooling slots. e
An overview of the analytical architecture is shown in Fig- (Combustor Liner LCF Life)

ure 3. The probabilistic model consists of four main parts: a

manufacturing variability model, a network ow model, a 1-D Combustor Liner Lif

heat transfer model, and a combustor liner life model. The la  Output | pistribution
ter three models were calibrated using higher delity siatigns
of the combustor ow eld, the liner temperatures, and theehi
stresses. A Monte Carlo analysis was used to propagate-the ef Figure 3. Probabilistic model overview

fects of manufacturing variability through a simpli ed cdwnstor

LCF life model in order to estimate the resulting combustGFL

life probability distribution for a eet of engines. This alysis ) .
was performed using MATLAB. The CHEMKIN 3.7 software ~ NeSS, the bond coat thickness, the TBC thermal conductiay
package was used to model the thermodynamics and chemicallin€r thermal conductivity, the bond coat thermal conduty
kinetics of the combustor ow eld. The Monte Carlo analysis the dome ow rate, the fuel injector mass ow rate, and the-out
consisted of 10,000 trials. During the process of develpyiis let temperatqre variability factor. The_rst_ eleven pardars are
model, many choices had to be made in order to balance prac-medeled as independent, normally distributed random biesa

ticality versus delity. These choices are described inagee as shown in Equation 1. The mean valugg)(and the standard
detail in the following sections. deviations § ;) of these parameters;{ are based on the nominal

design values and manufacturing tolerances, respectividig
manufacturing tolerances are assumed to determine thabilari

3.1 Manufacturing Variability Modeling ity of these parameters with 95 percent con dence or to withi
The gas turbine combustor manufacturing process producesplus or minus two standard deviations of the nominal valliése.
variability in the part dimensions and some thermo-phygiea manufacturing tolerances are taken from part drawings #met o

rameters. For the combustor analyzed in this paper, we reddel  design speci cations. The twelveth parameter, the neak ges
the variability of the metering hole diameter, the coolirigt s temperature pro le factor, is a noise variable that is mededs
height, the TBC emissivity, the TBC thickness, the lineckhi a standard Beta distribution. In Equation 2, the Beta digtidn

3 Copyright °c 2006 by ASME



400

200

400

200

400

200

400

200

parameters, andr,, are determined by specifying the mean and
variance and then solving Equations 3 and 4 simultaneously.

Probabilistic Model Input Parameter Distributions
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Figure 4. Probabilistic model input parameters

Scyp

The means and variances of the rst 11 parameters have
been normalized by their mean values (Equation 5) and plotte
in Figure 4. \, is the coef cient of variation of the parame-
terci. The outlet gas temperature pro le factor distribution has
been normalized by its mean value in Figure 4. These histagra
show that the TBC emissivity, the TBC thickness, and the com-
bustor outlet temperature pro le factor have the three égilper-

cent variation.

Ci2» bclz(qb; rb)
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Cup Section: N-
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Figure 5. Variability nesting diagram for 'M' combustors and 'N' cup sec-
tions

()

The combustor is divided int® circumferential cup sec-

tions corresponding th fuel injectors for this probabilistic anal-
ysis. Some parameters vary from cup to cup within a combus-
tor while others vary from combustor to combustor. Cup4p-c
variations are caused by manufacturing variations whiehagr

parent from cup section to cup section within a single condyus
For example, the air mass ow rate and the fuel injector mass

ow rate exhibit variability from cup to cup. As a result, the

equivalence ratios and bulk gas temperatures vary from cup t
cup. Engine-to-engine variations are due to manufactwamg
ations apparent from combustor to combustor. The liner, ,TBC
and bond coat thicknesses thermal conductivities, théeight,

the metering hole diameter, and the TBC wall emissivity pre-
dominantly vary from combustor to combustor for the fabtima
process associated with the design we have studied. Theup-
cup variability that exists for these parameters is muchlisma
than the engine-to-engine variations. Thus, these paemate
modeled solely as engine-to-engine variations. As a reisust
necessary to model these variations in a nested fashionpéren
forming a probabilistic analysis. Figure 5 provides an wiew
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of the framework for modeling manufacturing variability gas
turbine combustors. The liner life will differ in the presenof
manufacturing variability for two combustors that operateler
the same external conditions.

The construction of a probabilistic combustor simulatien r
quires that these nested levels of variability are cargfat-
counted for. The rst step is to assemble the dome areas one
cup at a time in order to model the cup-to-cup variability fof t
fuel injector and dome air mass ow rates. The second step is
to propagate the variations in the fuel injector mass overand
the swirler mass ow rate via a network ow model in order to
determine the impact of these variations on the bulk gasvequi
alence ratio for each axial panel station for a combustan Wit
cup sections. Third, the bulk gas temperature model prdpaga
the equivalence ratio variability to the bulk gas tempea®tiihe

rst of these models, a network ow model, is presented in the
next section.

3.2 Network Flow Model

The combustor network ow model estimates the cup-to-cup
variability of the bulk gas mass ow rate. The network model
propagates the variability of the mass ow conductancedeavhi
enforcing the conservation of mass for a combustor annuos ¢
sisting ofN cup sections.

The network ow model has the following assumptions:

1. Mass is conserved.
2. The fuel injector mass ow rate is negligible.
3. The ow across the combustor liner is modeled as incom-

pressible.

. The burner pressure is constant; pressure gradiende itis
burner are negligible.

. The total combustor outlet mass ow rate is constant.

. There is no mixing in the circumferential direction betne
adjacent cup section ows.

. The blockage effects of the fuel-injector struts are eetgid.

. The dilution air mixes instantaneously with the bulk ow
over each panel.

. The cooling Im ow mixes with the next downstream panel
section bulk ow.

The combustor network model is composed of a linear cir-
cuit with parallel conductances corresponding with thesnaw
capacities across the air admission holes. A current saarce
used to model the effect of a constant mass ow rate through
the combustor. The circuit branch currents model the mags o
rates through the air admission holes. The nominal equivale
mass ow conductances for the dome, the cooling Im, and the
dilution air for each panel are based the design mass owidist
bution for the combustor under consideration. This network
model is solved using the node method.

Combustor Liner
Combustor Mass Flow Conductf'ince Sl

W \
.
! 1

i

Combustot |
Inlet I
T

,
]
Corﬁbustor Liner Combustor Dome Combustor Casing Wall

Mass Flow - Pressure Drop Function

Figure 6. Combustor network ow model: electrical domain

The total mass ow rate and the nominal pressure drop
across the combustor liner are known a priori from combustor
rig tests. Thus, the rst step in the solution process is toreste
the equivalent mass ow conductancgg,, of the combustor us-
ing data for the combustor mass ow ratg;, the Im cooling air
density,r co01, @nd the known nominal combustor liner pressure
drop, DPyom, in Equation 6.

Me

R =p—
& 2r ¢00IDPnom

(6)

Once the equivalent mass ow conductance for the com-
bustor has been computed, then the nominal mass ow conduc-
tances,G?, for the circuit are determined by multiplying the
known percent mass ow conductances through the air admis-
sion holes by the nominal equivalent conductance as shown in
Equation 7.

G _m

7
Gy M %

The mass ow conductances for Im cooling holes and the
dilution holes for the combustor we studied do not vary signi
cantly from cup-to-cup within this combustor. Thus, for agle
combustor, the dome air mass ow conductances are the only
random variables. The nominal dome air mass ow conductance
for each cup section is multiplied by samples from the parame
ter, Y v, which is assumed to be normally distributed with unity
mean and with a variance determined from the dome air mass
ow tolerence in order to simulate the effects of manufaictgr
variability (Equations 8, 9)sv,, is based on the swirler mass
ow tolerance.

(8)
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Gi = YMG?» N(G%;GP?s, ) 9)

The Im cooling air mass ow and dilution air mass ow
conductances are driven by the metering hole and the dilutio
hole diameters. These hole diameters are updated simailtsiye
in the network model for each combustor. The update is egecut
by multiplying the parametet, s, by the nominal conductances
for these holesL y is a function of the ratio of the actual meter-
ing hole diameter to the nominal metering hole diameterHar t
combustor as shown in Equation 10. The mechanisms that in-
troduce combustor-to-combustor variability in the metgiiole
diameters also similarly impact the dilution hole diamsteAs
result,L v is multiplied by the nominal dilution hole mass ow
conductances for each combustor in order to simulate tleetsff
of combustor-to-combustor variability in the network mbde

L= S—E)Z (10)

Gi = LGP (11)

The node method is used to solve for the combustor liner
mass ow-pressure drop function. First, the equivalentdran
tance under the presence of variability is estimated byraittie
conductances for the cooling Im, the dilution air, and thente
ow. Then, the potential differenceg, is computed by divid-
ing the total combustor mass ow rate by the equivalent caadu
tance,égq as shown in Equation 12. Finally, the mass ow rate
for theith ow path is computed using Equation 13, wheBeis
thei™ ow path mass ow conductance arioP is the combustor
liner pressure drop.

e= AI = p 2I’ COOlDP (12)
Ggq
| O
m=Ge=Gj 2rcyoDP (13)

The new equivlent mass ow conductance for a single com-
bustor is determined by computing the equivalent dome agsma
ow conductance under the presence of variability and agdin
it to the effective Im cooling air and dilution air mass ow

6

conductances. Applying the node method yields a new com-
bustor pressure drop function consistent with an updatatyaq
lent combustor mass ow conductance due to the dome air ow
variability. As a result, the pressure drop for each prolistlui
combustor, and therefore, the mass ow for each circuit bian
varies from combustor-to-combustor.

3.3 Bulk Gas Temperature Modeling

After the air mass ow distribution has been determined for
each combustor witiN cup sections, the fuel mass ow rate is
used to estimate the equivalence ratiosfor each cup section
over all 5 panels using Equation 14. This equivalence rasiid
bution is subsequently used to estimate the bulk gas tetupera
and ultimately, the liner temperature variability, for bazom-
bustor. Furthermore, the variabilities of the fuel mass wmte
and the dome air mass ow rate are propagated through Equa-
tion 14 in order to yield estimates of the cup-to-cup vaviatdf
the equivalence ratios.

f_ Mpge™Mpuik

f=_—=
fst

fu -

The combustion gas temperatures and compositions are de-
termined using adiabatic, well-stirred reactors (WSRs)ictvh
are idealized ow systems in which the reactancts are p#yfec
mixed with the combustion products. Thus, the products have
a temperature equivalent to that of the fuel-air mixturaédes
the WSR chamber. The inputs needed for a well-stirred reac-
tor computation are the equivalence ratio, the residenue, the
chamber pressure, and the inlet gas temperature. Estimftes
the bulk gas equivalence ratios based on the network owyanal
sis are used along with the well-stirred reactor model torege
the bulk gas temperature above each liner panel section.

The WSR model has three main inputs. The inlet gas tem-
perature is the compressor discharge temperature. Thebelnam
pressure is assumed to be the combustor outlet pressure. The
residence time is a function of the combustor volume, a refer
ence density, and the combustion gas mass ow rate. In additi
the WSR analysis used in this model assumes that the process
is adiabatic. A 20-step, 13-species simpli ed chemicaletics
mechanism is used to model kerosene-air combustion and solv
for the ame temperature [7]. The WSRs models apply the con-
servation of species and the conservation of energy in doder
solve for the mass fractions and ame temperature of the com-
bustion products.

The network ow model requires the solution ™M by N
WSRs per simulated combustor. Since solving for this many re-
actors is computationally expensive, a response surfacaieq
relating ame temperature to inlet gas temperature andvagui
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Longtudinal Bulk Temperature Distribution of the near-wall gas temperature are modeled in order tal yiel
accurate results when comparing the model's estimate of@up
cup liner temperature with the experimental data.

The effects of combustor unmixedness on the local gas tem-
perature are modeled by an empirical combustor gas tenyperat
pro le factor in Equation 16.z is an empirical turbulent mix-
ing parameterx. is distance from the fuel injector, and is the
burner length. The mixing rate is calibrated based on the-com
bustor outlet gas temperature pro le factor mean and stahda
deviation. Solving foz atx; = L yields an equation for the mix-
ing parameter as a function of the combustor outlet conutio
(Equation 17). The combustor outlet gas temperature pfade
tor, PFt®, is modeled with Equation 18. The Beta distribution
parametersg, andry,, are determined from Equations 3 and 4.
The Beta distribution is an appropriate model here for twa re
sons. First, the outlet temperature variability factor aaibded

e
©

Normalized bulk gas temperature
I I = P I Iy
w S « (=) ~ ©
T T T T T T
| | i i | |

I
N
T
L

I
N
T
I

[

E 15 2 25 e 2® 4 45 5 between zero and one. Second, the mean value of this paramete
is near one. As a result, a normal distribution does notfgatis
Figure 7. Longitudinal bulk gas temperature distribution these constraints even for relatively small standard devis.

lence ratio at the average combustor residence time wamasse _ Tgasi T3 _ . X
bled (Equation 15). PR = i Te 1 &HiZE) (16)
Touik= & fn(Ta)f" (15)
" z=i In(1j PFt9)] (17)

The regressors for this polynominal of degneén f are
functions of the combustor inlet temperatufig, Thus, for a
combustor panel section, specifying the equivalence yégiols
thg bu!k gas temperature. Cup.—tojc.:up variability in egleinae PFt®» b(qy;rp) (18)
ratio yields the cup-to-cup variability of bulk gas tempera
throughout the combustor, which is used, via a heat transfer
model, to estimate the cup-to-cup variability of liner tesrg The local gas temperature variability at a panel station is a
ture. function of the bulk temperature variability above that @leamd

A plot of the longitudinal bulk gas temperature rise normal- the circumferential variability induced by the outlet gamper-
ized by the overall combustor temperature rise for eachlpane ature pro le factor. The outlet gas temperature variapiléctor
station is shown in Figure 7. In the model, the normalizedbul is not a form manufacturing variability. However, the séyer
gas temperature increases from 1.65 to 1.84 between pagel on of the unmixedness effects modeled by this equation may-be af
and two. Then, normalized the bulk gas temperature steddily ~ fected by manufacturing variability. For modeling purpasiae
creases from 1.84 to 1.0 between panel 2 and panel 5. The bulkgas temperature variability factor may be considered asseno
temperature decreases as a result of the mixing processédmetw source which acts on the local gas temperature eld. Thisoeff

the combustion products and the cooling air. may be mitigated in practice by increasing combustor mirsdn
3.4 Local Gas Temperature Modeling 3.5 Radiation Temperature Modeling

Combustor unmixedness, particularly in the combustor pri- The radiation model is based on the assumption of the ra-
mary zone, yields large radial and circumferential vaoiadi in diative exchange between a nongray, isothermal gas and a sin
the combustion gas temperatures near the wall. This nelar-wa gle surface gray enclosure located at the mean beam length [1
ow temperature in uences the magnitude of the convectioad However, steep temperature gradients exist in the combpisto

at the liner surface. As a result, the mean and standardtievia  mary zone. For example, the near-wall gas temperaturesr diff

7 Copyright °c 2006 by ASME
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1 Combustor
, Combustor

Inlet L Radaton Temperatire _1 Outlet 9= ht(Trimi Tioc)+ C15(€radTrad” i AradTinc’) (19)
! | — Local Gas Temperature i

==== Film Temperature
? ' ' 1 '

—

ktbc
Figure 8. Combustor driving temperatures: radiation temperature, local q= t—(TtbCi Tond) (20)
gas temperature, Im temperature tbe

from the average bulk gas temperatures and the centerlike bu q= @(Tbndi Tt (21)
gas temperature. Thus, the bulk gas is divided into two rigivi thnd

temperature regions, the effective or global radiationgerature

and the near-wall or local gas temperature (Figure 8). Tte ra

ation temperature is an artifact of the radiative load baingid

property. The radiative heat ux is a function of the gas voky q= ﬁ(Tmhi Tmd (22)
gas optical depth, direct exchange area, radiating gassemis tm

power, and surface irradiation [14]. However, the simphestel

for the radiative load in combustor thermal design pradiamne

that uses the effective radiation temperature conceptchwisi

adopted here. Although temperature gradients exist in ¢he c q= ho(Tmci Teoo) + C25(Tmc* i Teool”) (23)
bustor, particularly in the primary zone, the model assuthat
the temperature eld is uniform above a liner panel sectiésa
result, the effective radiation temperature is set equtiedulk
gas temperature for each liner panel section.

h = ?asi. :ll:film (24)
gasl Icool
3.6 Heat Transfer Modeling
The combustor liner heat transfer model consists of a steady
one-dimensional heat transfer model that includes raxfiation- 15
vection, and conduction. The application of a one-dimeraio Arad _ ¢ Trad (25)

model is appropriate when the temperature gradients inahe r €rad Tibe
dial direction are at least an order of magnitude greater tha

temperature gradients in the circumferential and axi&dions.

This is the case for the combustor that we have modeled. The

radiative energy transfer to the liner wall is a large fraictbf the &ad = 1i expli 28604L(flp)*>(Traa)' °)  (26)
total liner wall heat ux. This effect is exacerbated in thénpary

zone, where the combustion gas temperatures are the di@ades

the liner walls are in relatively close proximity to the amén

addition to the liner wall irradiation, convection playsigrs - 1

cantrole in setting the liner heat ux. The interaction ot kom- Ci= 5(1+ &ibc) (27)
bustion gases with liner surfaces results in heat transfen hot

gases to the wall. Cooling Im ows mitigate this effect some

what by providing a protective layer between the hot gasds an

the liner surface. Conduction heat transfer is driven bytéine 1

perature gradient between the hot side of the TBC surface and C= 4o L 1, L&A (28)

the cold side of the liner. By assuming that the heat transfer & Fwic & A

cess is in steady-state, the heat ux and the TBC, bond codt, a

liner temperatures can be estimated using the 1-D heatférans C; accounts for the fact that the TBC surface is gray instead
model shown below [1, 2]. of black. Thus, the effective absorptivity of the TBC sudas

8 Copyright °c 2006 by ASME



accounted for by this constant [1]. The liner and casing svall
are modeled as long concentric cylinders with gray surfates
order to estimate the radiative heat exchange [15] between t
liner and the casingC; in Equation 28 quanti es these effects
and is a function of the liner emissivitgy, the casing wall emis-
sivity, e, the view factorFy; ¢, the liner surface area,, and
the casing wall surface arefe. L is the ame luminosity fac-
tor, which accounts for the increased radiosity of the arseaa
result of luminous carbon particles in the fuel rich primaone.
For kerosene-air combustion, this factor is set to 1.7 ferahlk
ow over panel sections one and two [1]. Otherwise, the ame
luminosity factor is set to 1.0 for the rest of the combus8jr [
The Im cooling ow impacts the liner convection heat
transfer load by altering the near wall Im temperature ard v
locity pro les. The Im effectivenessh, models the effects of
the former. This parameter is based on an empirical coivelat
with the cooling slot heights, and the blowing ratioB, as inde-
pendent parameters. The blowing ratio is de ned in Equadion

where the velocity pro le factorPR, = Ssas, is the ratio of the
near wall gas velocity to the average bufk gas ow velocit} [9
This parameter accounts for the radial velocity gradiemthé
combustor ow eld in order to more accurately estimate the
blowing ratio for each liner panel section. The velocity fgo
factor, which is determined based on CFD calculations of the
combustor ow eld, is assumed to be constant over each liner
panel. In additionmsjm, is the Im cooling mass ow rateA,

is the cooling slot area for a cup sectidgyk, is the bulk ow-
through area.

h= f(B;s) (29)
1 meim=As
B —— — “~
PRy Mpuik=Avulk (30)

The hot side convection heat transfer coef cigmt, is com-
puted using a Nusselt number correlation which accountthéor
impact of the cooling Im on the near-wall velocity pro le |1
The back side convection heat transfer coef ciemy, is esti-
mated via a Nusselt Number correlation for thermally depelo
ing, turbulent pipe ow [10, 15].

This system of equations is solved simultaneously for the
heat ux (), the TBC temperaturel{,c), bond coat temperature
(Tong), the hot-side liner temperaturé,{,), the cold-side liner
temperatureTne), the ImtemperatureTim), the gas emissivity
(erad), and the gas absorptivityafag) using a Newton-Raphson
Method.

3.7 Liner Life Model

Cracking, the primary combustor liner failure mode, is
caused by high temperatures and temperature gradientiings
in high thermal stresses [18]. A combustor liner is congder
a “failed” part when either one of two limiting conditions $a
been exceeded. The rst failure condition occurs when alkcrac
initiates and then subsequently propagates longitudinautil it
reaches a maximum allowable crack length [19]. The second
condition occurs when the stress intensity factor of therliex-
ceeds the critical stress intensity factor, leading toffasture of
the part. In order to model these two components of combustor
liner LCF life, a crack initiation model and a crack propagat
model are used.

The total liner panel section LCF life is computed via Equa-
tion 31. N¢ is the number of cycles to failur&ls; is the number
of cycles to crack initiation, anN¢  is the number of cycles until
either the crack size reaches some maximum allowable length
the stress intensity factor reaches a critical value. Tinebestor
LCF life is equal to the mininum LCF life of the set of computed
LCF lives for all of the panel sections.

Nt = Nt + Nfp (31)

The crack initiation model is based on a proprietary polyno-
mial equation which relates the number of cycles to cradiaini
tion, N¢;, to peak combustor liner temperatufg,, the compres-
sor outlet temperaturg, and the von-Mises stress,m. The
von Mises, or equivalent stress, is computed based on the fol
lowing stress scaling by Foltz and Kenworthy [12]. The biasel
liner stressspase @and liner temperatur@é,,se for each panel are
calibrated based on ANSYS and CFD calculations of these pa-
rameters for the liner.

log(N£i) = 91(Tmn'; T3; Sum) (32)

Svm _ Tmni T3
Spase Ibasei I3

(33)

Crack propagation is modeled by a response surface equa-
tion (Equation 34) that was created by applying a regressiait
ysis to data from the work of Jablonski [13[q1 is the average
liner temperature between the slot exit and the end of ther lin
panel,save is the average equivalent stress corresponding with
the average liner temperature, aads the crack length. This
model relates the crack growth rate to the liner temperatack
the stress intensity factoK, whereY is a numerical correction
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factor which takes into account the geometry of the paneLitin
which the crack propagates [16].

da —
log0( W = 02(K; Th; Toase Sbase T3) (34)
p

K= Hsavep ﬁ- (35)

Integrating Equation 34 over each cup section and panel sec-

tion increases the computation time by more than one order of
magnitude compared to cases where only an algebraic crack in
tiation model is used. In order to decrease the computaitiom t
required for the Monte Carlo Analysis to converge, a respons
surface was created for a liner with average baseline teanper
tures and stresses for this combustor (Equation 36), Whesee

the regressors of this polynominal equation.

logioNtp = & bnT;, (36)
n

4 Model Assessment

The probabilistic model was assessed using available com-
bustor outlet temperature and combustor liner temperatata
acquired from rig tests conducted at GE Aircraft EngineswHo
ever, these experiments were not designed to assess this pro
abilistic model. In particular, the wall temperature da@ d
not solely re ect the impact of manufacturing variabilityf'he
prohibitive costs associated with duplicating these drpents,
however, required the use of the available data for the mastel
sessment.

The combustor outlet temperature data acquisition proce-
dure consisted of a circumferential survey of the outlehglaA
rake with ve thermocouples traversed the combustor exhpl
in 3.6 degree increments, yielding 500 data points. The asmb
tor annulus was then divided int regions corresponding with

Combustor Outlet Temperature Comparison
0.03

0.025 - q

0.02-

0.015

Coefficient of Variation

0.01

0.005 -

1: Data, 2:Model

Figure 9. Combustor outlet temperature variability: model vs. experi-
ment

side of the combustor liner walls. The thermocouples were
placed in “hot” and “cold” spots previously identi ed usitiger-

mal paint. Although the wall temperature measurements were
taken while the combustor was subject to a range of operating
conditions, the measurements used in this study were a&thuir
when the combustor conditions were consistent with the sea-
level, hot-day operating point. Moreover, the inner diagnaeind
outer diameter wall temperature measurements for each pane
were lumped together prior to the statistical analysis duia¢
small amount of available data.

The mean and standard deviation of the temperature differ-
ence between the thermocouple measurements and the design
temperatureTnno) for each panel were computed and then com-
pared to the model's estimates of these quantities, as shown
Figures 10 and 11. The 95 percent upper and lower con dence
bounds for these estimates have also been plotted. Theander
outer diameter statistics were averaged and presentechieyipa
these gures. The model's estimates of the mean liner temper
tures for panels one, two, and four fall outside of the 95 @etrc

theN cup sections. Then, the data points in each cup section werecon dence bounds of the thermocouple data. The model's mean

averaged in order to compute the outlet bulk gas temperédure
each cup section. The coef cients of variation of the contbus
outlet temperature for the liner wall temperature measergm
and the probabilistic model liner temperature estimateshosvn
in Figure 9. The coef cients of variation are approximatél@2.
These results indicate that the network ow and bulk tempeea
models yield results that are consistent with the combuzitiet
temperature data.

The combustor liner temperature measurements were ac-

liner temperature estimate falls within these con dencerius
for the panel three data. The model's estimate of the lin@r te
perature standard deviation matches the lower con dencado
of the data for panels one through four.

The analysis of the wall temperature data yields an overesti
mate of the effects of manufacturing variability. This carstor
contains two different types of metering hole sizes in eauatep
section, the baseline holes and the preferential holes.b#@bke-
line cooling holes are the original design metering holeferA

quired from thermocouples embedded in and placed on the cold testing reveals elevated temperatures in certain aregsr laref-

10
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Mean Liner Temperature Rise
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Figure 10. Liner temperature rise by panel
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erential holes are built into the liner in order to mitigate high
temperature areas. Cooling holes of differing sizes yialtixal
cooling Im effectiveness that varies with circumferentiaca-
tion in a panel section. Furthermore, the thermocouples wet
placed in identical circumferential locations relativetbe fuel
injector for several cup sections. Thus, some thermocsugie

25 3 35 4

Liner Panel Number

Liner temperature rise variability by panel

placed in front of the baseline cooling wholes while othees a

located in front of preferential cooling holes. This theouople
placement results in larger cup-to-cup variability in litemper-

ature than is caused by manufacturing variability.

11

Standard Deviation of Liner Temperature Rise
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Figure 12.
holes modeled.

Liner temperature rise variability by panel. Baseline cooling

The thermocouple placement process is modeled as a bino-
mial distribution in order to estimate the effects of thedime
metering holes. The probability of “success” for each tigl
equal to the ratio of the number of preferential cooling bdte
the total number of holes. Thus, for each “successful” tita
dilution hole diameter is set equal to the preferential miege
hole diameter. Otherwise, the all of the metering hole dianse
are reduced by a fraction of the preferential cooling hoser-
ter. Figure 12 shows that the standard deviation of the cetobu
liner temperature is more consistent with the variabilifythe
wall temperature data as a result of modeling the effecthef t
baseline cooling holes.

5 Liner Life Distribution Shift

This probabilistic analysis yields shifts of the peak litemn-
perature and the combustor liner life distributions. THeatfof
manufacturing variability is to increase the peak liner pena-
ture in a combustor, which causes a translation of the peak li
temperature distribution. Figure 13 consists of a graphefiif-
ference between the peak liner temperature distributiahte
nominal peak temperature normalized by the peak temperatur
The gures shows that the average peak temperature is greate
than the nominal peak temperature. The peak liner temperatu
is sensitive to the variability of the input parameters.

The combustor liner life distribution shift occurs because
liner life is driven by the maximum liner temperature, andde
the lowest life panel section. The effect of variability sin-
crease the difference between the lowest life value anddhe n
inal value for a given combustor such that the combustor line
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Peak Liner Temperature Distribution
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Figure 13. Peak liner temperature distribution

life distribution has a mean value that is less than the namin
life. Figure 14 consists of a graph of the normalized life- dis
tribution, or life distribution minus the nominal life, dded by
the nominal life. A value of zero indicates that the mean ef th
life distribution is equal to the nominal life. This gureplvever,
shows that the mean normalized liner life is less than theimaim
normalized life. In particular, the probability that a consbor's
liner life will be less than the nominal life is approximated0
percent (Figure 15). These results indicate that combsister
signed to the nominally calculated life will most likely Faiarlier
than predicted using deterministic methods.

6 Sensitivity Analysis

Another use for this probabilistic model is the determioiati
of the key drivers of combustor liner LCF life variabilitying a
sensitivity analysis. First, the random variables and t6€& life
response are transformed into standard variables such that

o
ca= It (37)
Cn

and

=<

1
=
T

(38)

Sy
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LINER LCF LIFE DISTRIBUTION
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Figure 14. Combustor liner life probability distribution
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Figure 15. Combustor liner life CDF

Second, the LCF life response is tted to the following
guadratic, multi-variate response surface equation (\88gre
Y is the standardized random variate for the natural logarith
combustor liner LCF life Y = log(N})), ¢y, is the nt" random
variable input, andN is the number of random variables in the
response surface equation. The coef cient of determinato
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Sensitivity Analysis: Minimum Life Sensitivity Analysis: Minimum Life
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Figure 16. Sensitivity analysis: B1 life changes for 90 percent tolerance Random Variables
reductions. Figure 18. Sensitivity analysis: B1 life for ten percent tolerance reduc-
tions.
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Figure 17.  Sensitivity analysis: B50 life changes for 90 percent tolerance Figure 19. Sensitivity analysis: B50 life for ten percent tolerance reduc-
reductions. tions.
R?), which estimates the proportion of variability explainey R N Nj1 N N )
the response surface equation [20], is approximately 9€epér Y=a+ @ bcnt @ a CamCnCm+ @ dncn®  (39)
Thus, the response surface equation captures most of the mod =1 n=1lm=n+1 n=1
eled variability in the combustor liner life. As a resultethe-
sponse surface equation is adequate for this sensitivitlysis. Third, a one-at-a-time sensitivity analysis was used in or-
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der to identify the key drivers of manufacturing varialyilion
combustor liner LCF life. After composing the RSE, the stan-
dard deviations of these standardized random variables eesr
creased by 10 percent and 90 percent in a one-at-a-timeofashi
while holding the standard deviations of the other paramdte
their original settings in order to estimate the impact aruding
the manufacturing variability on the minimum or B1 life arbt
typical or B50 life. 10 percent tolerance reductions repnesel-
atively small changes in the manufacturing tolerancesen®d
percent tolerance reductions are considered large changes

The 90 percent tolerance reductions show that the key driver
of the B1 life is the TBC surface emissivity (Figure 16). The
B1 life increases by 7 percent of the nominal liner life whiea t
TBC surface emissivity variability is decreased by 90 petce
The TBC emissivity is the key driver of LCF life variabilityf
this combustor because the radiative load contributionidatas
that of the convective load to panel 2. As a result, the lireath
load is sensitive to variations in the radiative load causgethe
TBC surface emissivity variation. Furthermore, the TBUate
emissivity coef cient of variation is the greatest of tha e€12
random variables presented in this paper.

Mean Liner Temperature Rise
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Figure 20. Liner temperature rise by panel

The ten percent tolerance reductions also show that the TBC cooling holes is taken into account. The mean liner tempegat

surface emissivity is the key driver of liner life varialpjli How-
ever, the Bl life only increases by approximately one peroén
the nominal liner life (Figure 18). Furthermore, this stimgy
study also shows that the B50 life is insensitive to manuféog
tolerance reductions for both cases (Figures 17, 19). Qyera
these results indicate that one-at-a-time tolerance teghscdo
not signi cantly impact the probability of half of the combu
tor liners failing while the probability that 1 percent oftlkom-
bustors will fail is signi cantly impacted by tightening ¢hTBC
surface emissivity tolerance.

7 Flame Luminosity Factor Impact

Higher delity analysis of the combustor ow eld shows
that the ame is located in the region corresponding withehd
of the panel one section and the beginning of the panel two sec
tion as measured longitudinally from the fuel injectors.r Geat
transfer analysis, however, is performed on the portioringf|

near the end of each panel. The combustion gas in the panel two

region does not contain the ame. Within the scope of the 1-D
heat transfer model, we can assume that the radiative hgas u
dependent on a nonluminous ame. In order to model this &ffec
the ame luminosity factor was reduced from approximately 1
to 1.0 for the panel two.

This modi cation of the liner heat transfer model resultad i
several changes. First, the liner temperature rise for|pame
decreased (Figure 20) while the liner temperature riseakisi
ity remains unchanged (Figure 21). Figure 22 shows that the
model's estimate of the liner temperature variability isrenoon-
sistent with the thermocouple data when the impact the in&sel
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rise estimate for panel two is more consistent with the T@ dat
than the previous results. Second, the liner life distrdyushift
increased relative to the previous case. Overall, the &yjife
increases as a result of the decreased ame luminosityrfémto
panel two but the distribution shift increases by a factathoée
(Figures 24, 25). Also, these results show that the proitabil
that most of the liner lives will be below the nominally preigid
life is greater than 99 percent. Finally, the regressionyaigm
yields a coef cient of determination that is approximaté€ly.
This poor t implies that the response surface for liner LGE |
does not capture all of the variability in the Monte Carloadat
As a result, this response surface methodology cannot laetase
identify the key driver of the minimum liner life. These rétsu
do underscore, however, the signi cant impact of the radkat
load on the overall life distribution.

8 Summary and Conclusions

This paper has introduced a probabilistic modeling method-
ology for estimating the impact of manufacturing varialibn
combustor liner temperature and LCF life. The model estsat
the cup-to-cup variability of the combustor outlet gas tenap
ture consistent with the experimental data for the comipubtd
we have analyzed. A comparison of the combustor wall temper-
ature measurements and the model shows that the model under-
estimates the cup-to-cup liner temperature variabilitpwiever,
the high variability shown in the data is driven by the impaict
two types of metering holes on the Im effectiveness andi- ult
mately, the liner temperature. Furthermore, we have alsa/ish
that there is a fundamental liner life distribution shifhelproba-
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Standard Deviation of Liner Temperature Rise
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Figure 21. Liner temperature rise variability by panel
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Figure 22. Liner temperature rise variability by panel. Baseline cooling

hole effects included.

bility that the liner life for a randomly selected combustless
than the nominal life is approximately 90 percent. In addifi

a sensitivity analysis also identi es the key driver of th& EHe

to be the TBC surface emissivity. The B50 life is shown to be
relatively insensitive to these tolerance changes. Reduitie
TBC surface emissivity variation will increase the minimiifa

for a eet of combustors while the number of cycles for half of

the eet to fail will remain approximately unchanged.

Identi cation of the key drivers of minimum liner life and

Figure 23. Liner temperature rise by panel (modi ed luminos ity factor)
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Figure 24. Liner life distribution (modi ed luminosity fac tor)

the magnitude of the liner life distribution shift is depend on

the levels of the manufacturing variability assumed in trealed

and on the accuracy of the nominal liner temperature estignat
In the model, the panel two liner temperatures drive the-over
all peak liner temperatures in the combustor. A combinatibn
high radiative loads relative to convective loads for paweland
high percent variation of the TBC emissivity resulted in TiC
emissivity being the key driver of the B1 life. However, thet-
mocouple data show that the panel two temperatures are ot th
peak liner temperatures for this combustor. Improved aayur
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Figure 25. Liner life CDF (modi ed luminosity factor)

of the deterministic models may yield a different driver bét
B1 life. Moreover, combustors with input parameters contai
ing different levels of variability than the parametersgamted
in this paper may also yield different estimates for therlilife
mean shift. Furthermore, the B1 life may be most sensitive to
parameter other than the TBC surface emissivity for cofwact
dominated liners.

9 Future Work

There are several additional features that are neededén ord
to more accurately estimate the combustor liner life valitgb
consistent with the eld data and to assess the key drivetieof
mean and variance of liner life. First, the underlying ressfor
the poor response surface t to the Monte Carlo data in the sec
ond case should be understood. Solving this problem will tea
a general methodology for identifying the key drivers ofliher
life using a one-at-a-time sensitivity analysis. Secohe, im-
pact of operational variability on combustor liner life sitd be
assessed by modeling the variability of atmospheric cardit
such as ambient temperature, pressure, and percent ediakiv
midity and then propagating these effects through the fitiba
tic model. Third, models which relate manufacturing vaitiab

ity to combustor unmixedness would improve the estimates of

the near wall gas temperature variability. Fourth, modetdte
dilution jet-cooling Im interaction would improve estini@s of
the ame side liner convection heat ux near the dilution ésl
Finally, the inclusion of simpli ed liner life models whiclc-
curately estimate the rst order effects of creep and oxatat
would increase the accuracy of the combustor liner liferithigt
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tion estimate.
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