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ABSTRACT

Large Eddy Simulations of Sand Transport and Deposition in the Internal Cooling

Passages of Gas Turbine Blades

Sukhjinder Singh

Jet engines often operate under dirty conditions where large amounts of particulate matter can be
ingested, especially, sand, ash and dirt. Particulate matter in different engine components can lead
to degraation in performance. The @gjtive of this dissertatiois to investigate sand transport

and deposition in the internal cooling passages of turbine bl&desmplified rectangular
geometry is simulated to mimic the flow field, heat transfer and particle transport in a two pass
intemal cooling geometry. Two major challenges are identified while trying to simulate particle
deposition. First, no reliable partiekeall collision model is available to calculate energy losses
during a particle wall interaction. Second, available depasitiodels for particle deposition do

not take into consideration all the impact parameters like impact velocity, impact angle, and
particle temperature. These challenges led to the development of particle wall collision and
deposition models in the currestudy.

First a preliminary simulation is carried out to investigate sand transport and impingement
patterns in the two pass geometry by using an idealized elastic collision model with the walls of
the duct without any deposition. Wall Modeled Large Eddgu$ations (WMLES) are carried to
calculate the flow field and a Lagrangian approach is used for particle transport. The outcome of
these simulations was to get a qualitative comparison with experimental visualizations of the

impingement patterns in the typass geometry. The results showed good agreement with



experimental distributions and identified surfaces most prone to deposition in the two pass
geometry.

The initial study is followed by the development gbarticlewall collision modelbased
onelastic-plasticdeformatiorand adhesion forces by building available theories of deformation
and adhesion for a spherical contact with a flat surface. The model calculates deformation losses
and adhesion losses from partiglall material properties andnpact parameterand isbroadly
applicable to spherical particles undergoing oblique impact with a rigid Wadlmodel is shown
to successfully predict the general trends observed in experiments.

To address the issue of predicting deposition, an imprphgdical model based on the
critical viscosity approach and energy losses during pa#tialecollisions is developed to predict
the sand deposition at high temperatures in gas turbine components. The model calculates a
sticking or deposition probabilitased on the energy lost during particle collision and the
proximity of the particle temperature to theftening temperaturd-or validation purposes, the
deposition of sand patrticles is computed for particle laden jet impingement on a coupon and
compare with experiments conducted at Virginia Tech. Large Eddy Simulations are used to
calculate the flow field and heat transfer and particle dynamics is modeled using a Lagrangian
approach. The results showed good agreement with the experiments for theofgege
temperatures investigated.

Finally the two pass geometry is revisited with the developed pavtallecollision and
deposition model. Sand transport and deposition is investigated in a two pass internal cooling
geometry at realistic engine condit® LES calculations are carried out for bulk Reynolds number

of 25,000 to calculate flow and temperature field. Three different wall temperature boundary



conditions of 950C, 1000°C and 1050C are considered. Particle sizes inrduege 525 microns

are considered, with amean particle diameter of ficrons. Calculated impingement and
deposition patterns are discussed for different exposed surfaces in the two pass geometry. It is
evident from this study that at high temperatures, heavy deposition att¢hesbend region and

in the region immediately downstream of the bend.

The models and tools developed in this study have a wide range of applicability in assessing

erosion and depd®n in gas turbine components
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Chapter 1

| ntroducti on

Sand and dst ingestion in aircraft engines and related engine failoogginues to ba major area

of concern for the aircraft engine industry for the last several decdsld® global transportation

and energy needs contmto increase, gas turbine engines are increasingly required to operate in harsh,
particle laden environments. Thefg®e particles can cause performance degradation through erosion
and deposition idlifferentgas turbine componentaircrafts operating aw altitudes or at remote
landing field are commonly subject to large amounts of fine particulate ingestion. For an aircraft
flying through volcanic dust clouds, particles can also be ingested at cruising altiMitiesy

aircraft enginesfrequentlyoperating in desenvironments face a drastic lifeduction due to
sandingestion. Sanihgestionaffects multiple components of a gas turbine engine. Some of the
key issues are: compressor erosion, melting and glazing in combustor and turbines,ebtifckag
cooling flow intheinternal cooling circuits, blockage of film cooling hole$fect ontheturbine
efficiency due to changing aerodynamic characterigigcs result ofleposition orthe airfoll
external surfaces, casing distortion and associatéorpgnce drop.Thesengested particles can
alsoreach the internatooling passages tifie turbine bladesCooling air which is bled from the
compressor can carry along significant amounts of sand particles to the internal cooling passages.
These can gmsit in cooling passages and also clog film cooling holes, leading to degradation in
cooling performance aneéven blade metal failure. The problem is exacerbated by ribbed
serpentine cooling passages which are dominated by recirculation regions ancisetiond,

making them more susceptible to deposition.



Di fferent aspects of the problem of sand anc
past, with the majority of the work focused o
of maltserand under di f f Eireemnrteloepvearnatt ilng ecroantduirtei o
in the chapgdgtnersypitte fodl Ibew.ng a critical engi ne
heat transfer degradation deéeatbegastudl esi oc
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gas turbine components has developed over the
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metal failure.

Particle transport and deposition in the ho
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Objective

The objective of this sty is to investigate the dynamics of sand impingement and deposition in
the internal cooling passages of gas turbine bladgsfocus ontheribbed duct geometrylime
accurate Large Eddy Simulations are used to accurately characterize the complexttéidw|

field for geometries considered. The sand particles are treated discretely in the Lagrangian frame
of reference. A novel particiwall interactionmodelis developed to quantifihe energy I@gses

and predict the coefficient of restitution far paticle-wall collision. This model is further
developed to predict particle deposition ath@gtemperatures, which accounts for energy losses

during a particle wall collision along with change in physical properties of the particle with

temperature.

Thid$ ssersasitomctured as foll ows. Chapter 1
researobjectives. Chapter 2 presents the Large
in a two pass internal cool sagdgeopamespygrt Chap
internal coolindgi geosmees yt h€Ehdeverogment and \
wal | collision modeht tof predguwrpdesoeesh farCh apalerd

i mprove partiddle fdeerpoparttiiocmulmot e fl é6wexapl ohegl
t he tsrammsport and deposwaliloni rbtye ruascd tnigo nt hneo dpeal rs
previous t@loapcthearpt®@r summari zes the findings

comitbuti ons of the study.



Chapter 2
Large Eddy fFilmawl catHeoat oTr aRPadt et ermaada T

Cooling Geometry

Accurate prediction of ribbed duct flow and heat transfer is of importance to the gas turbine
industry. Detailed heat transfer in a tyass stationary square duct with rib turbulators is studied
using wall modeled Large Eddy Simulations (WMLES). Each pass has ribs on two opposite walls
and aligned normal to the main flow direction. The rib pitch to rib heigh€)(is 9.28, the rib

height to channel hydraulic diametéd (O ) is 0.0625 and calculations have been carried out for

a bulk Reynolds number of 25,000. The present study validates the use of WMLES for predicting
flow and heat transfer with published data on similar geog®etiihe calculations predict the
major flow features with reasonable accuracy especially distribution of mean and turbulent
guantities in the developing, fully developed and®1&hd region. It is found that the mean flow

and turbulent quantities do noedome fully developed until the flow passes the fifth rib of the
duct. Results show that the heat transfer augmentation is higher in the second pass aftér the 180
turn compared to the first pass. Local heat transfer comparisons show that the heat transfer
augmentation shifts towards the outside smooth wall in the second pass after’thari80

addition to primary flow effects, secondary flow impingement on the smooth walls is found to

A part of this chapter i ASMEpBoctmeedHéabmTpabsf
Conference, pap-®8260wibtelr ,p eHrT2i0s1s2i ons fr om ASME
4



develop by the fifth rib, while it continues to evolve downstrehth@sixth rib. Results show the
local and average distribution of Nusselt numbers normalized with classical Dittus and Boelter

correlation.

2.1. Introduction

Modern gas turbine blades are designed to operate at high temperatures well above allowable metal
temperatures, since increased turbine inlet temperature leads to better thermal efficiency. As a
result of our pursuit for better thermal efficiency, the turbine blade cooling has received growing
and unremitting attention. In most of the practical gasines, the turbine blades of high pressure
stage are usually too small to employ blade cooling techniques effectively. Many approaches,
including novel material or alloy design, improved cooling techniques, and better manufacturing
methods have been usediicrease the operating temperature limit of the turbine blades and vanes

to their current levels. In the cooling technique, internal cooling channels are located in the body
of blade and turbine component. Bleed air from compressor is forced throughcti@sg
passages (internal cooling) and openings at the blade external surface (external film cooling).
Many cooling strategies including impingement cooling, film cooling and ribbed serpentine
passages are employed to maximize the heat transferredheobfade to the coolant. In ribbed
serpentine passages, repeated ribs are used on the channel walls as turbulence promoters to achieve
heat transfer augmentation. The presence of these ribs leads to complex flow fields such as flow
separation, reattachmteand secondary flow between the ribs, which produce high turbulence
leading to higher heat transfer coefficients. The increase in heat transfer is also accompanied by

increased pressure losses due to increased friction in the presence of ribs. Thed flosatan



transfer in a ribbed internal cooling duct is very sensitive to flow Reynolds number and the
geometric parameters such as blockage igtio(), the rib pitch)), the aspect ratio of the duct,

the angle of the rib with respect to the flow ahdpe of the rib

The present study is motivated by the need t
flows. The flow in a ribbed duct has Isaoyneer c ha
separation, a curved shear | ayer, primary and
|l ayer, recovery, et c. Computational cost has

Reynol ds av-8taged (NRANEB) egubdbuienseamddessngo

these equations. Though computationally inexp
domi nated by massive separations as is the ca:
the turbul ent rwiudemgi tsyheand stthhestsu are usual |

model s i n[ Blulchhe feldodws vi scosity models Which as
fatid capture the fl ow features accurately, h o
reasond®l yThweelilnabi l ity of these turbulence m
Sstresses in the regions of &ifgbrani@Bsdpt rSapid]iur
and SBlmdemummeoddel s i n periodic channel wi t h
cal cul ations showed6] snh xwealdi rtéisautl & Is . p eOrofi o rents abl e
I RandA SRANS model s on orthogfomal moadel newhi dls .

stanfdaemddel with an Al gebr afj78] vwa g easlsl eMotde | a o CAc

anisotropy of twurbulence in calculations for
one wal |l . | acl[gciohesr el eRai s8eevi scosity model
mo me nt closure (DSM) models in a periodic ri.l
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model could account for anisotropic turbulenc

and Kagatnducted studiefp rRanomdped rsfi nagmesdeev esr awi t h

Reynol ds StRSeMgs wMd helenhanced wall treat ment
bet ween the RSM results and experiments in pi
transfer with some inaccuracy i n[lpempglacyaeddqg

modi fied version [loZl BtMe ng teur ddys MSeSalt momdde Imass tr a
channel °viutrim atl8@w Rey-i®008¥, nwimbbrand 5&00hou
obserhead standard models failed to predict th
t wdboundary conditions were required to improv
model s can produce fairly goodhréoswlketrscampuaaea:
cost .

Large eddy simulations (LES) have also been

transfer in ribbed channe[]lfigepomet ed ekEES Moahta
heat transfer on smooth and ribbed channels, b
not be verified as experiment al compari son Wwz¢

presented by Wat[dhabshoawedd Teaxkcaehlalsehnit agreemen
profiles and heatExaalnlsdretr anemparriesnemds shet wee
experiments have been shown inlBulihy fdevegl depe
rotating dWahasb bajh @ dadflulil v devel opedrishathbhpna
Abdwdhab a[hBadlaifnt idevel oping flow in stationar
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Despite the widespread success of LES cal cu

turbtl ews, the grid requirements for | arger o
resolution in the boundary | ayer has to be fi
calls for speci al treat ment oif mitthet hheoumuwmab egr |
points. One such approximation is detached e
Spal af2tl,. ethealaim of DES is to combine the mos
met bBopdi . e. , application of RANS model for pre
resolution of ti me dependent, t hr eez odiarhe nasnido |
simple in formulation, the transattitomerbe tiwse ean
equation with no explicit declaration[2@f RAN:
presented the capability of DES in predicting

internal cool i ng°truirnh e dlr hcku ate swiltths & hdBvEsdo ngso o ¢
with LES and experiments while reducing the ¢
magni tude.

The present study presents turbulent flow ar
ri bbed ddtcur wj tthsilB8dy ar zovabhl wmodeivo The bounda
are solved in the inner | ayer on a virtual gr
wal | nor mal direction. Computational details

preséontredompl ex high [RBynolds number fl ows



2.2 Objective

The objective of current study is to evaluate the capabilities of WMLES in predicting the turbulent
flow and heat transfer in a two pass internal cooling duct with a&t@80 While in many previous
numerical studig24], investigations are mostly limited to heat transfer in the fully developed
region of a ribbed duct, this studyopides detailed hydrodynamics and heat transfer comparisons
in the developing flow, fully developed and ?&@&nd regions of the two pass duct. Of particular
interest is the ability of WMLES to predict flow transition, including flow development in thie duc
flow in the 180 bend and the development of secondary flows in the duct-seas®n. The
overall motivation is to evaluate the use of WMLES for the accurate prediction of heat transfer in

ribbed internal cooling ducts.

2.3 Methodology

2.3.1 Computational Model
2.3.1.1Governingequations

The governing equations for unsteady incompressible viscous flow in a generalized coordinate
system consists of mass, momentum, and energy conservation laws. The equations are mapped
from physical (x) to logical/computational spacg) by a boundary conforming transformation
x=Xx), wherex=(x y,2 andx=( x,h). The equations are natimensionalized by the hydraulic

diameter$”) and inlet flow velocity scale (£)) and written in conservative natimensional form



e
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wherea are the contravariant basis vectog§ is the Jacobian of the transformatiagd,is the
contravariant metric tensorfgu’ =/g@' ) uis the contravariant flux vectow, is the Cartesian
velocity vector,p is the pressure, ardithe nondimensional temperaturdhe nordimensional
time used i4° 5] $* and the Reynolds number is given®ys”j 4, Re is the inverse of the

subgrid eddyviscosity, which is modeled as

2 =c:({a)38 @

whepgés the magnitude of tShlesssad atime rRmag areinn
consdiantobtained via the dydh@]mi cTos utblgird de msd ,r e

filter, ¢&deinotapgplbiyed to the filtered governin

scal@ boefi ng | arger dt hfainl ttEhHiet tefstt He | greired quart
the grid filtereddguantapgzobiydal sgfbdrdy,y whi ch

in one di mensi on. The resolved turbul ent stre
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and gr j.f-ggf &zkatreer st hen r el atyg dijffa md t @b gluibd et e s s
i=uy wy through téhe i dé€hei agisotropbcastebgtirdsaer

then formulated in terms of the Smagorinsky e

t= o) ®

= sczalyaf T4 ©

Using the identity,

=L —;‘?f L chz(v@)mg _#5 Pﬁ?s
_ 2C§(\/§)2/3 MU

()

Hemles the square of the ratio of the charact

to that of grid féﬁ/lf)t%rfoanda irse ptralembhto obal or

filterin@h opsa aatlgequaar es mi ni mi zat {206n @or 6 cedul

expressiiesnobomi ned as:

a
> 1 1 4 T™
Cs = 5 23 m Ty (8
(f9) ij TM;
The value ofc2is constrained to be positive bgtsng it to zero whes.2 <o.
2.3.1.2 Zonal two layer velocity model
The two | ayer wall mo d e | i's formul ated by so
inner wal |l |l ayer. The inner | ayer equations a
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bet wteleen f-waklt ofifd5@)iand (tyhe wall. The coupl:i

outer |l ayer is accomplished by wusing the inst:
to the inner | ayer, which yssostedngoacempubél &
equations. The wall shear stress is then used

| ayer equatiwas$lanodlee first off

A reduced set of equat)i dinss fidirnnsuleaattle dvii| $ 0 L v«

separate equations in the inner | ayer (one foc
momentum transport equation is constructed(eqg
derivative terms, imadepeindegntheanumbéesot o on
all owing thedisadanalonsydt eamtaofi equations at e:
wal |

2 R
= 9)

- T

—%='R_ __ 'O_ u

mgRe Re -p
with u, =oat the wall andy =“UtH at the edge of the inner layer, whelgis the instantaneous

tangential velocity at the first offvall grid point.

The eddyviscosity is modeld@7] by

i :Ld+ (1 -e d+/A)2
Re Re

d"=ruyd/ m @apy

EN TN
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where/ is the von Karman constamtjs the normal distance from the wall, and A=19. The one

dimensional egation is solved iteratively (forand ) by using a standard tdiagonal solver

for a seconérder central difference approximation.

From the solution of Equation (10), t he maq

cal cul ated as

1
e wll = ?e% lwall @ax

which is then decomposed into the respective directional components.

The <calculated stress components at t he wal
di scretized momentum equatilbngr{Bqmpoida)}l an t
Substift uuthhbeondior ecti onal stress in the respect.i

bet ween the inner and outer | ayer. Morz2B det ail

2.3.1.3Zonal two layer heat transfer model

An equivalent form to Equation (9) can be written for the energy equation in the inner layer as

€ Re®r Oguo
Faar =0 570 1P

&7
ing: Re O -npy
Solution of Equation (12) requires the closure model for the turbulent Prandtl number. For the

current investigation, the formulation of Kay&g] is used and presented in Equation (13).

g e g
s ?ls € ol
1/ Py = 0.58 +0. de;e_e 8 00441% i 8L -e%%%saﬁ' (13
1+ é ~U
~ = O‘
% gcRe 2]



Equation (12) is solved in the inner | ayer z

The temperature at the first LES grid point of
as boundary <conditi onshef oreadolfviiunxg aBq utahte owa I
Equation (14) as

1 dg
derdnlwall (1¥'

i ¥
This heat flux is used as a boundary condition for the outer LES grid instead of using the specified

wall temperature similar to the approach for the velocity model.

2.3.2Numerical method

The gverning equations for momentum and energy are discretized with a conservative finite
volume formulation using a secondder central (SOC) difference scheme on astaggered grid
topology. The SOC discretization has minimal dissipation and has been shbe suitable for

LES computations. The Cartesian velocities and pressure are calculated and stored at the cell
center, whereas contravariant fluxes are stored and calculated at cell faces. The discretized
continuity and momentum equations are integtate time using a projection method. The
temporal advancement is performed in two steps, a predictor step, which calculates an intermediate
velocity field, and a corrector step, which calculates the updated velocity at the new time step by
satisfying discete continuity. The computer program Generalized Incompressible Direct and
Large Eddy Simulations of Turbulence (GenIDLEST) used for the current study has been applied
and validated for numerous complex heat transfer and fluid flow problems. Detailstiadout

algorithm, functionality, and capabilities can be found in T2&i30]
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2.3.2.1Geometry description

A simplified geometry for the two pass internal cooling duct is considered in the present study.
The geometry is a4dhaped duct with squaceoss section as shown in figure .2All dimensions

are based on the characteristic length, the hydraulic diameter of th€&duct0.0508m). Each

pass has ribs on two opposite walls and aligned normal to the main flow. Rib h&ight
0.062% and pitch length0 is 0.58 and hence rib pitch to rib height ratio is 9.28. First pass
has 16 and second pass has 14 egjgphced ribs. Each pass iss20ong and clearance between

two passes is 0.35.

flow 5

17

D, =0.0508m || 31 30| 29128 | 27 || 26 |25 || 24 || 23 || 22 |[ 21 |20 | 19 18

< 200, >
(a)
LS LS LI LS LS |L_J ){_I L[
s P=0.58D,
i
[ S— »
X
#€=0.0625D,
M 1 I M I 1 [ M

(b)

Figure2.1 Computational domain (a) Side view of two pass with pitch numbering shown (b)

Bottom view, ribs at a sectio
2.3.2.2Computational grid

An LES grid is constructed using a mititock topology. Each rib unit is the section from center
of one pitch to the next. In total, each rib unit is discretized into 38x68x64([Egilse 2.2) and

15



was divided into 7 blocks to fadiite parallel processing. The 288end was discretized into
64x68%144 cells and 9 blocks. The second pass has an outlet region which is around 5 hydraulic
diameters longNear wall grid spacing of an approximate y+ of 30 is used for the wall model, as
usa in our previous studies on a ribbed @8t}. All these sum to 5.8 million cells distributed on

153 blocks.

Figure2.2 Computational grid for one repeated pitch element

2.3.2.3Boundary conditions

In the present study, the flow Reynolds number is 25,000, based on the mean velocity at the inlet
and hydraulic diameter of the duct. The rhmensional velocity athe inlet is set to 1 and

convective outflow boundary condition is used at the outlet. The duct inlet has constant velocity
16



profile normal to the boundary. For heat transfer computations, constant wall temperature

boundary condition is used.

2.3.2.4Solver control

The convergence criteria for the momentum and pressure éseate 1ES respectively, at each
time step. The time step is set at2EThe flow is first allowed to develop and reach a statistically

stationary state, which takes nearly 20+gamensionatime units.

2.4 Results

In this section, first, the calculated flow field in the two pass duct witli tL80 is discussed and

second, the heat transfer augmentation results are presented.

2.4.1 Flow field.

Calculations of flow field in a fully developed and dieyeng ribbed duct have been published
before[24, 32], the flow is identical to fully developed case aftéhfrib in the first pass. Figure
2.3shows mean streamlines distribution at the-plahe parallel to ribbed wall. The flow begins

to feel the presence of the 280rn about $ upstream of the last rib. At upstream of the edge of
the bend, a strondnear layer is formed due to considerable flow acceleration on the inside of the
turn. A large recirculation zone is formed at the upstream corner as the bulk of the flow is pushed
towards the downstream side of the bend. Similarly, a smaller recircutaggoon forms at the
downstream outer corner. Flow separation at the tip of the dividing wall also leadsitc@aation

zone. After hittingthe back wall of the bend, the flow impinges the outer wall of the second pass

while coming out of the bend.

17



Fige (Zzs)dlows mean streamline pattern in a rib
number 8) in the first pass. FI plw3 P attther RA N&b
mod@ghbhnd the gdpdowmesntmd | ar pattern. The mean
|l eading edgewealdldy) awanc ttiheen,riad recircul ation zo
rotating eddy in the wake of the ribiwake hanc
reattachment | entphklompsared!| tol eatxeperasm8it al |y
TR VATA pt1$% ™. An i mportant characteristic of

secondary fl ows, which have | arge i mpact on t

Figure2.3 Meanstreamline distribution at a plane parallel to ribbed wall, @ &kay (entire

geometry not shown)

These secondary flows are driven by the periodic flow disturbance caused by the ribs and the
junction flow where the ribs meet the side Wa#]. In the vicinity of ribsidewall junction, strong
localized unsteady vertical struotis are generated. Figure 2.4€hows contours of spanwise

velocity in the vicinity ofthe rib-sidewall junction. Lateral impingement velocities as high as 18%

18



are found in this region, indicating a strongly three dimensional flow. Except in the immediate

vicinity of the rib, the se

condary flow is weak. The high spanwise velocities iretfian are also

result of highly unsteady vortices that are formed in the region
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Figure2.4 (a) Mean streamline distribution in a pitch length (10) at the z symmetry plane. (b)
Mean spanwise vetity in the vicinity of the smooth wall

Figure 2.5shows the coherent structures {igwmticity) in the computational domain. The figure
shows large number of coherent structures and hence turbulence intensity in the first half of second
pass after the 18@urn. Highly turbulent flow in the second pass is consistent with previous studies

on similar geometrieg24, 33, 35] .

FEReEs

: -‘u;. s L

Figure2.5 Coherent structures in the computational domain

Figure 2.6(a)c) show contours of resolved turbuledt HD and x at centerplanes (z =

0.5) at pitch number 14 in pabsnd pitch 20 in pasB. The streamwise fluctuation® are

highest in the separated shear layer at the leading edge of the rib, with values between 28% to 33%
in first pass (pitch # 14nd 38% to 43% in second pass (pitch # 20). They are lowest in the
stagnating flow at the rib and in the recirculation region immediately behind the rib. The transverse
fluctuationsO , at the ceterplane in shown pitches, fig 2.6(@xhibit values 15%-20% in

first pass and 23925% in the second pass, in the stagnation region of the rib as well as in the
separated shear layer downstream of the rib. The predicted values are much higher in the second

pass, showing highly three dimensional nature stnehg secondary flows in second pass. The

20



lateral fluctuations< , in the centgrlane in the shown pitches fig 2.6(exhibit a maximum

value of 34% in first pass and 38% in second pass at the top leading edge of the rib.
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Figure2.6 Resolved turbulent quantities at centerplane in-pését) and pasdl (right); (a)
O ,0O and(c)x pitch 14 and 20.
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but not as hiAgor adu e tod dihfef eprreemstent study.

2.4.2 Heat Transfer.

The heat transfer augmentation develops till the fifth rib, after which the distribution exhibits a
guastperiodic state. Similar observations camiiede at the sideall. Figure 2.7(bshows pitch
averaged augmentation for the ribbed wall. Highest heat transfer augmentation

( . O0j. O c&uvis observed in the downstream half of thebéhd and the region just
downstream of the bend. This observation is consistiéhttie prediction of high turbulence in

the flow field in this region. The heat transfer augmentation is nearly identical in all pitch lengths
after the fifth rib and starts increasing just few pitches upstream of the bend where the flow starts
turning dwe to the presence of the bend. Hence, in the first pass highest heat transfer augmentation

is observed
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in the pitch length just upstream of thebend. Aso, in this region the flow and heat transfer is

no more symmetric in the spavise direction due to turning of flow. As the flow enters the bend
after passing over the final rib in the pass, regions of high heat transfer are observed. Low heat
transfer egions, hot spots, are predicted in the upstream corner of the bend due to presence of
recirculation zones. In the downstream corner of the bend, high heat transfer is observed on all
walls due to direct flow impingement. Heat transfer in the second pdsghest in the region
immediately downstream of the first rib and falls gradually with distance from tHeb&sd.

While the flow is effectively symmetric in the first pass, the flow in second pass is highly
asymmetric immediately downstream of the hérite flow tries to regain symmetry gradually but

it is observed that asymmetry prevails in the whole second pass. This asymmetry can be seen in
heat transfer augmentation also, observed heat transfer is higher towards the outer smooth wall
compared to thdivider wall. Heat transfer on the smooth side walls in second pass is also higher
than compared to first pass, consistent with higher turbulence and much stronger secondary flows

along with direct flow impingement in second pass.

The predictamed taog eexmpenpi fBepht §hef edpar ieme nd
performed in similar g¢g®dmetdy @ighkthA etmingtht di f
Fi gur es h2o.wrs( ch)eat transfer augmentation across

pi t#ct22 and 23). High heat transfer is predict

of highly unsteady vortical flow in this regi
wall to the core of the idnucstt rbeyane.ntA aiergii ogh folf!
is predicted i mmediately downstream of the ri
trapped eddi es. Further downstream the heat t
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Al so, heat transfer augment at i-meand eicm elactels twh d
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experiments is obserewveldt $or all heat transfer

2.5 Conclusions

Predicting complex flow physics and heat transfer in internal cooling passages of turbine blades
presents significant challenges. Due to their ease of use and fast turnaround time for calculations,
RANS simulations with various turbulee models, are current industry standard. These turbulence
models involve lot of approximations and hence are seldom able to accurately reproduce the range
of physics encountered in the serpentine internal cooling ducts. Though LES studies have been
quite successful in predicting turbulent flow and heat transfer in these geometries, the grid
requirements for wall resolved LES still limit their applications to relatively simpler geometries.
The wall model approach results in significant saving in computi@sources by virtue of the
coarser grids that can be used in wall bounded flows. The present study validates the use of
WMLES for predicting flow and heat transfer with experiments and elucidates on the detailed flow

physics and heat transfer in twospaluct.

26



2.6 Acknowledgments

The calcul ations were performed on ViXagd ni a T
NICS computing facility, Nautilus. The authors would like to thank the Commonwealth of Virginia
and RollsRoyce for their support and espally N. Wagers, B. Barker, and H. Kwen for thoughtful

discussion, analysis and advice.

27



References

[1] Prakash, C., and Zerkle, R., 1995, "Prediction of Turbtfémtv and Heaflransfer in a Ribbed

Rectangular Duct with andithout Rotation," J Turbomach, 117(2), pp. 2554.

[2] Jia, R., Saidi, A., Sunden, B., 2002, "Heat transfer enhancements in square ductshegetf

ribs of various angles,” Proc. ASME Turbo Expo(30209).

[3] Liou, T. M., Chang, Y., and Hwang, D. W.990, "Experimental and Computational Study of
Turbulent Flows in a Channel with 2 Pairs of Turbulence Promoters in Tandem," J Fldid Eng

Asme, 112(3), pp. 30210.

[4] Acharya, S., Dutta, S., Myrum, T. A., and Baker, R. S., 1993, "Periodically Develdped F

and HeafTransfer in a Ribbed Duct,” Int J Heat Mass Tran, 36(8), pp.-2082.

[5] Saidi, A., and Sunden, B., 2001, "On prediction of theshyalraulic characteristics of square

sectioned ribbed cooling ducts,” J Turbomach, 123(3), pp6804

[6] Ooi, A., laccarino, G., Durbin, P. A., and Behnia, M., 2002, "Reynolds averaged simulation of

flow and heat transfer in ribbed ducts,” Int J Heat Fluid Fl, 23(6), pp7330

[7] Liou, T. M., and Hwang, J. J., 1992, "Turbulent H&edinsfer Augmentation anFriction in

Periodic FullyDeveloped Channel Flows," J Heat Trangsme, 114(1), pp. 564.

28



[8] Liou, T. M., Hwang, J. J., and Chen, S. H., 1993, "Simulation and Measurement of Enhanced
Turbulent HeafTransfer in a Channel with Periodic Ribs on Onedia Wall," Int J Heat Mass

Tran, 36(2), pp. 50B17.

[9] lacovides, H., and Raisee, M., 2001, "Computation of flow and heat transfer in two
dimensional rieroughened passages, using {Beynoldsnumber turbulence models,” Int J

Numer Method H, 11(3), pp. 138155.

[10] Sleiti, A. K., Kapat, J.S., 2004, "Comparison between EVM and RSM turbulence models in
predicting flow and heat transfer in ribroughened channels," Proceedings of the 2004 ASME Heat

Transfer/Fluids Engineering Summer Conference.

[11] Rigby, D. L., 1998, "Prediction of heat and mass transfer in a rotating ribbed coolant passage
with a 180 degree turn," International Gas Turbine and Aeroengine Congress and Exhibition(98

GT-329).

[12] Menter, F. R., 1992, "Improved tweguation kw turbulencenodels for aerodynamic flows,"

NASA Technical Memorandum(103975).

[13] Menter, F. R., 1993, "Zonal Two Equatioivk Turbulence Models for Aerodynamic Flows,"

AIAA(93), p. 2906.

[14] Murata, A., and Mochizuki, S., 2001, "Comparison between laminar andedntieat
transfer in a stationary square duct with transverse or angled rib turbulators,” Int J Heat Mass Tran,

44(6), pp. 11271141.

29



[15] Watanabe, K., Takahashi, T., 2002, "LES simulation and experimental measurement of fully

developed ribbed channebW and heat transfer," Proceedings of the ASME Turbo Expo.

[16] Tafti, D. K., 2005, "Evaluating the role of subgrid stress modeling in a ribbed duct for the

internal cooling of turbine blades," Int J Heat Fluid Fl, 26(1), ppl®2

[17] AbdeltWahab, S.and Tafti, D. K., 2004, "Large eddy simulation of flow and heat transfer in
a 90 deg ribbed duct with rotation: Effect of Coriolis and centrifugal buoyancy forces,” J

Turbomach, 126(4), pp. 6536.

[18] AbdelWahab, S., Tafti, D.K., 2004, "Large eddy siation of flow and heat transfer in a

staggered 45 degree ribbed duct,” Proceedings of the ASME Turbo Expo.

[19] Sewall, E. A., Tafti, D.K., 2004, "Large eddy simulation of the developing region of a

stationary ribbed internal turbine blade cooling chafifrbceedings of the ASME Turbo Expo.

[20] Sewall, E. A., Tafti, D.K., 2004, "Large eddy simulation of the developing region of a rotating

ribbed internal turbine blade cooling channel,” Proceedings of the ASME Turbo Expo.

[21] Spalart, P. R., Jou, W.HStreletes, M., Allmaras, S.R., 1997, "Comments on the feasibility

of LES for wings and a hybrid RANS/LES approach,” Conf. on DNS/LES.

[22] Viswanathan, A. K., and Tafti, D. K., 2005, "Detached Eddy Simulation of turbulent flow and

heat transfer in a ribbetlict,” J Fluid Engr Asme, 127(5), pp. 88896.

[23] Patil, S., and Tatfti, D., 2012, "Wall modeled large eddy simulations of complex high Reynolds

number flows with synthetic inlet turbulence,” Int J Heat Fluid Fl, 33(1), 31..9
30



[24] Sewall, E. A., Tdf, D. K.,Graham, A. B.,Thole, K. A., 2006, "Experimental validation of
large eddy simulations of flow and heat transfer in a stationary ribbed duct,” Int J Heat Fluid FI,

27(2), pp. 24358.

[25] Najjar, F. M., and Tatfti, D. K., 1996, "Study of discregsttfilters and finite difference

approximations for the dynamic subgsedale stress model,” Phys Fluids, 8(4), pp. 10088.

[26] Lilly, D. K., 1992, "A Proposed Modification of the Germa8abgridScale Closure

Method," Phys Fluids-&luid, 4(3), pp. 83-635.

[27] Cabot, W., Moin, P., 1999, "Approximate wall boundary conditions in the large eddy

simulation of high Reynolds number flow," Flow, Turbulence and Combustion(63), 2269

[28] Kays, W. M., 1992, "Turbulent Prandtl numbehere we are?," MaJacobs Memorial

Award Lecture(112).

[29] Tafti, D. K., 2001, "GenIDLESTi A scalable parallel computational tool for

simulatingcomplex turbulent flows," Proc. ASME Fluids Engineering Division, 256.

[30] Patil, S., Abraham, S., Tafti, D., Ekkad, S., Kivh, Dutta, P., Moon, H. K., and Srinivasan,
R., 2011, "Experimental and Numerical Investigation of Convective Heat Transfer in a Gas

Turbine Can Combustor,” J Turbomach, 133(1).

[31] Patil, S., Tafti, D., 2013, "Largéddy Simulation With Zonal Near Wallreatment of Flow
and Heat Transfer in a Ribbed Duct for the Internal Cooling of Turbine Blades," Journal of
Turbomachinery, 135(3), p. 031006.

31



[32] Shah, A., and Tatfti, D. K., 2007, "Transport of particulates in an internal cooling ribbed duct,"

J Turbomah, 129(4), pp. 81:825.

[33] Sewall, E. A., and Tatfti, D. K., 2008, "Large eddy simulation of flow and heat transfer in the
developing flow region of a rotating gas turbine blade internal cooling duct with coriolis and

buoyancy forces," J Turbomach, 130(1

[34] Rau, G., Cakan, M., Moeller, D., and Arts, T., 1998, "The effect of periodic ribs on the local
aerodynamic and heat transfer performance of a straight cooling channel,” J Turbomach, 120(2),

pp. 368375.

[35] Viswanathan, A. K., and Tafti, D. K., 26, "A comparative study of DES and URANS for

flow prediction in a twepass internal cooling duct,” J Fluid EfigAsme, 128(6), pp. 1336345.

[36] Han, J. C., Chandra, P. R., and Lau, S. C., 1988, "Local Heat Massfer Distributions
around Sharp 180y Turns in ZPass Smooth and RRoughened Channels,” J Heat Trdns

Asme, 110(1), pp. 998.

32



Chapter 3
Sand TramaEwd®assi hnt erDwaclt Gwiotlhi nRgi2b Tur b

Jet engines often operate under dirty conditions where large amounts of perticatier can be
ingested, especially, sand, ash and dirt. Particulate matter in different engine components can lead
to degradation in performance. The focus of this study is to investigate the sand transport and

deposition in the internal cooling passagé turbine blades.

A two pass stationary square duct with rib
using Large Eddy Simulations (LES). Each pass

to the main flow dirbcthR/aghsTli®e 28iL bt pet ch bt d

hydraul i e/nfDi ameDe065 and calculations have
number of 25, 000. Par2g cOm aieesomnsi dehree dr,a nvw
di stri bwnd oinn askrifoona Road Dust (medi umj. Lar ¢
mod el is used to model the flow and sand par

framewor k.

Results quantify the distributione®f Hiaghes

particle i mpingement density is found i° the
turn, where the recorded I mpingement 1 s more
2A part of this chapter is reproduced from publ i

FI ow, Vol umle6 74,6 ,wiptph 1pe8r mi ssi ons from El sevier
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that the average padarcthi c¢lse 2i8®p hmgédment npehep s e
Results show | ower particle tendency to I mpac

pass compared to the second pass where parti

bet weenritbs. The rib face facing the flow is &
hence deposition and erosi on. The results of
conducted on an identical t wo pass geomet
The numeri cal predictions showed good qualita
These results identify the damage prone areas

under the influence of sapdmobdgégtibp. g€E€bmetr |
or |l ocation of film cooling holes to avoid hc

wal | s.

3.1Introduction

Jet engines operating under dirty conditions are exposed to fine particulate matter such as sand,
ash ad dirt. This particulate matter can cause severe erosion of compressor blades and when
exposed to high temperatures can soften and stick to turbine components in the hot gas path. Large
amounts of particles can be ingested at takeoff and landing wheregagarunning at full power

and are in ground proximity]. For an aircraft flying through volcanic dust clouds, particles can

also be ingested aruising altitude$2]. Operation in these environments has led to serious aircraft
accidents due to jet engine failur@s The problem of particulate ingestion in the engine has
worsened with the use of high bypaasa turbofan enginggl]. According to studies by Edwards

and Rousb], high sand ingestion can reduce engine stability by eroding blade profiles and
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lowering the compressor efficiency, as a result of which the line of operation is closer to the surge
line. The operating line alsoses as a result of decrease in turbine efficiency or a reduction in

nozzle throat due to glazing.

Different aspects of the problem of sand and volcanic ash ingestion have been studied in the
literature, with the majority of the work focused on erosion @bsition of particles on a wide

range of materials and under different operating conditions.

Erosion on blade surfaces and advaniedwitamat i
tested the i mpact of aluminum oxide, fly ash,
materials and coatings for a an déewxfasti mreme raa
number of natur al dust sampl es aanbdu nodbasnetr veerdo st
constituent, often above 7[0]%hbwedei ght. t helame
causes four times more damad8cadrhdawnc tqaudhreaxp @rairt
an erosion windr ésnael Piag httoe snpreWweasdt i gat e hi gh
on the rate of erosion. Sand ingestion was S|
surfaces and inci9%asMhider ftéheee trranglpmeds of s at
flow path is similar, t hey mi dghfdstrueds weldt tihre da
mechani sm on ductile and brittle surfaces and
properties influence the amouna[l.Josfh oeweals itchnato nt
erosion effects are more pronounced on the out
bl ade. TabakodfRBusenrdd | Sassgiry aDwmap pl er veloci metry
interaction and observed that the tmpattoanght

Ghenai[@Boleseralldddo d o6s i n adiabatic efficiency
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i ngestion. Schifiviaolegpror a ed $bhlalf%H eers ®si ontl pad]l

|l eadi Ag®Waduati on i n 2 Wrogses manr ge fnf iacnide nac vy .

Particle deposition i n turbomachiner[2 has i
conducted experiments investigating the effec
that film cooling holes are susc[kEpatlisbol er etpoorde
that particulate deposition can c¢clog film coo

modern aircraf t[lgsntgu cdhieesd tWad senf feeactalaf sand ir
bl ockage, using a |l eading edge coupon over a r
temperatures.edMewale tempwmat ar be the most I mj
deposition. At t éQ0npesrarnd rpeasr taiboolvees 1s