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Abstract

This thesis presents an experimental and computational fluid dyna@B) (study on a
rectangular $end with straight and diffusing passagesth passive effusion cooling.
Experimental tests were performed at both cold and hot flow conddi@ra range of Reynolds
numbes from 2.5x10° to 4.510°. Hot flow testing was conducted with the primary flow
temperature up to 300 €

Severe backpsesure penaltiesccurredwith full-surface passive effusion injection in cold flow
tests Moderate penalties occurred with reduced surface coverageebythe performance was
affected by the ®end secondary fields withjection at different locatiam High surface cooling
effectiveness witHull-coverageof cooling film was measured; thenpacts from the $%end
secondary flow fields were measured to be minimal.

The CFD study revealed the importance of usixperimentaflow boundary conditions for
simulations. Using thestandardk-Umodel with wall functios was confirmedas appropriate for
simulatngthe Shend flow with effusion cooling.

A coarsegrid CFD methodologyusing a porous wall boundary conditiom simulatethe
effects ofeffusion coolingwas investigated From a degin perspective, this model is preferable
for quantifying the injection flow rate since the actual mass flow rate is not known. Comparison
to the alternative solution using uniform mass flow boundary conditions showed that both models
incorrectly predictedhe momentum.The porous wall modehoweverjs promising for practical

design applicationsf S-duct flow fields with effusion injections
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Chapter 1

| ntroducti on

1.1 Project Background and Motivation

The present research is relatedhe designstudy of S-bend diffusing passagevith passive
effusion cooling. The studwasinitiated for the practicabesign of specializedas turbine GT)
engine exhaust systerfeg infrared (R) signature suppressi@pplications

An S-bendductis a commonmechanicabeviceusedfor divertingthe flow directionin many
engineering applicationsThe applicationsof S-bendwith a diffusing passageervethe important
functions of both flow redirection and pressure recoveiyas turbineengines Such devicgare
found atthee n g i intaké, mterconnectingduct,and exhaust systemd he studiesof S-bend
diffusers arewidely availablein the literature becauseis achallenging geometry to understand,
and there is an interest to have bettdye8d designs for improved turbomachinery performance

Film cooling, m the other hands a surface cooling technology whiapplies the injection of
air to create a protectivgaslayer from the high temperature primary floffusion cooling is a
type of film cooling, in which coolarftow is injected through a fuburfacecoverage of discrete
holes on a cooling surfac&.he creation of thermal barriers, either by film or effusion cooling, is
essential forGT componentssuch as combustor liners and high pressure turbiugl, the
operating gas temperatsigigher tharthe metallurgical melting points.

The incorporation of film cooling in $end diffusing passagds sometimes required for
specific applications such as kggiot remedy, structural cooling, flow temperature reduction, and
IR-suppressionFor the IR-suppession applications, anli#nd passage also provides a nsadn
optical blockage to prevent direlate-of-sight into the engine hot section. The stimospheric
diffusing passage provides the driving force for passive coolant injectiormgher wordsan

active device is not required to blow the cooling dihe incorporation of ffusion coolinghas a



great advantaga this situation owing to thestructural simplicityof drilling cooling holes at
strategic locatiopon an Sbend as compared to thatiegration of cooling slots

Undesireddrawbacks arehowever associated with coolant injectian3he injected flows will
distort the flow field uniformity andleteriorate the pressure recovery performarice diffusing
passage This will in turnimpad the power output ofGT engines, andthe effectis commonly
referred to as backpressure penaltn the design of engine exhaust systems.

Designchallengs are prevalent sincempirical correlations diilm or effusioncooling are of

little use The seondary flows in Sbends will also affect the thermal effectiveness of film

cooling. Computational Fluid DynamicsCED), a numerical tool for flow simulations, has
proven to be valuable imodelng the complexXlow interactionsin practical desiga An S-bend
passage with film cooling in @T exhaust system is illustrated figure1i 1. The right side of

the figure shows theemperature contours of tisenulated film cooling effects usir@FD.

An Aircraft GT Engine

Exhaust System

Hot Section Bgine

Airflow Exhaust

Simulated Effects

S-Bend Diffuser with ’ of Surface Cooling
Cooling Slos

Airflow

Figure 1i 1. CFD Simulations of SBend Diffusing Passage with Film Cooling (W.R. Davis
Engineering Website, 2013)



There are even greaterhallengs in desigring an S-bend passage witpassiveeffusion
cooling The nteractions between the secondary flow andhib#iple discretanjections make it
very difficult to predict thelow distributions in an $end whereén excessivepassiveinjection
canincur flow separation thatleteriorates the pressure recovemfhe dcesign ofeffusioncooling
is also difficultbecausehe streamline curvature and flow sep@atcouldinducethe lift-off and
dispersion ofdiscretecoolantinjection Maost importantly, goractical CFD approach is required
to modelthe effects of effusio coolingbecause iis almost impossibléo model the holy-hole
discrete injection ira largescale devicelue tocomputationalimitations

Despite the widely available literature ofb&nd diffusers and effusion coolingredatedstudy
to address t#hcoupled effectss absent It is very important to study the flow fields in such a
complex system involving-8end curvature, diffusing flow, and effusion coolingihe present
applied researcthus studies the interactiobstween effusion cooling artbenddiffusing flow

to obtain better knowledge for desigarposes

1.2 Goal, Objectivesand Scope

The goal of the designstudy was to develop a practical meamf predicting thepressure
recovery performancand surface cooling effectimessof S-bend passges with passive effusion
cooling. Ultimately, it wasintendedto modelthe effects of effusion coolinigm a complex flow
passage usinGFD.

There wereno data availablen the literature fosucha largescale flow passage with effusion
cooling The obgctives of the present study thus includeddipenerate a data detsed on a
generic Sbend model over a range of flow conditp(ii) to havea better understanding of flow
interaction between the injected coolant flow and the primavgr&l flow ard (iii) to make the
benchmark datavailablefor computational studies

The experimental study was conductgdoth cold and hot flow conditiorts produce a data

set oer a range of flow parameter$o maintain an attainable scopework, thetest modewas



limited to a 45°to-45° rectangulaiS-bend The passages withnd withoutflow diffusion were
considered based on thaliffuser area ratioAR) of 1.0 and 1.5 A single configuration of
effusion holesvasconsidered, which wasased orholes witha diameter of Imm linearly and
arespacedd mm apart Different surface coverage off@sion injection at different locations on

the Sbend passagesasinvestigated in the study. The effects were analyzed based on the flow
measurements of (i) wall statipressure distribution, (ii) outflow velocity and temperature
contours, (iii) overall pressure recovery and backpressure, (iv) injection mass flow rate, and (v)

wall surface temperature distributiomhe photgraphof the test section fundin Figureli 2.

Wind Tunnel Outlet Transition Duct S-Bend Section Diffuser Outlet

Figure 11 2. SBend Test Model

The numericalstudyfocused on theevelopnentof a practicalCFD approachin modeling the
effects of effusion cooling. It was impgant todocument the capabilities and limitations of such
a new CFD methodology for future improvements aridr possible practical applicatisn
FundamentalCFD research, such as thene-tuning of turbulence modsl to capture the
anisotropic turbulentdw fields, was ousidethe scope of the present study

The numerical study was performed using the ANS¥SUENT CFD solver. Turbulence

modeling was limited to the twequation Reynoldaveraged NaviéiStokes RANS models,



including the standardk-g realizable k- and SSTk-w modek. The nonrinjection S-bend
passages werérst simulated to study the sensitieis of different computational domains,
boundary conditions, and turbulence modelin§imulations with effusion cooling were then
completed tasolate the effects due to the injected flow

Two coarsegrid CFD approachesvereusedto simulate the effects of effusion mass injection.
In particulart h e s madsyielat Boandargnd onedimensional {D) porous jump boundary
functions were separly imposed on the coinlg surfaceto simulate the effects of effusion
injection A selection of configurations with the distinct cooling locations based oAR{e5 S
bend diffuser was considered for the effusion simulations G@iD.

The researctasks werecompletedwith the 5progressivephasesassummarized irFigure 1i 3.

©) @

Preliminary CFD Stud Test Section Design Cold Flow Test IlI

?cl)rgllijr:ated Shend flow withouefiusion N Designed the 45to-45AS-bend with Rgpetitive tests of the 3 injection configurations
9 effusion cooling holes | with AR1.5 Sbend

(Publishedn the 2" AsianUs- (Fabricated by industrial sponsor) Coolant flow rate measurements wéthxiliary

EuropearThermophysic€onferencg apparatus

7

Hot Flow Test |

@ @ Tested 2 injection configurations wikR1.5 S
bendwith IR camerameasurements

Cold Flow Test | CFD Simulation | (Submitted forASME Turbo Expo 2014)
Tested the nonooling Shend with Non-cooling Sbend with botrAR1.0 and
bothAR1.0 andAR 1.5 passages > ARLS passages
\L Sensitivity CFD study @
(Published iPASME Turbo Expo 2018 A 2

Cold Flow Test Il

Effusioninjection Sbendwith both

‘l/ CFED Simulation IlI

AR1.0 andARL.5 passages CFED Simulation Il 3 injections configurations witAR 1.5 Shend
Testeds injection configurations 3 injections configurations of-Bend with Validations of coolant mass flow predictions
. . . . AR1.5 passage ‘l’
(Published in Journal of Engineering o .
for Gas Turbine and Power) Coldflow effusion simulations CFD Simulation IV
(Published iPASME Turbo Expo 2013) 1 injections configurations witAR1.5 Sbend
| Effusion simulations with variatiorsf model
coefficients

Hot flow effusion simulations

Figure 1i 3. Flow Chart of Research Worls



1.3 Contributions

The contributios of the presenstudy incluad:

i. characterizing $end flow fieldswith effusion cooling

ii. better understanding of tledéfusioncooling effectivenessm S-bend curvature

iii. application ofa coarsegrid CFD approach to simulatde effects of effusion cooling

The detaiéd flow analys d the S-bend diffusing passage with passive effusion cooling
provided a better understanding of tflew interactions between the injected flow and the
primary flow. Similar flow analysishasnot beenreported in the previous literaturdhe study
extenakdthe knowledge of fluid dynamics int&nd passages with injection.

The previous studies of film cooling with curvature effects are mostly available based on single
or double rows of film cooling injection. The effedse certainly different with fulsurface
effusion cooling. The cooling effectiveness and coolant mass flow ratéh full-coverage
effusion cooling ortifferentsurface of the Sbend passageeremeasured in the present study.

CFD simulations of effusion cooling are of great curreneiiass for GT cooling design An
original coarsegrid CFD methodologybased omorous wall boundarywasproposedo simulate
the effects of effusion cooling The main advantageof the porous wall modeat the ability to
calculate the injection flow te; whereas a known injection flow rate was specified in the
simulations based on thather coarsegrid CFD models Implementation of the porous wall
boundary to simulate the effects of effusion cooling a promisingCFD methodology for

practical desig applications.



Chapter 2

Literature Revi ew

The chapter reviewthefollowing in threedifferentsections:
i. a general overview dZFD turbulence modeling

ii. S-bend diffusing passages

iii. film and effusion cooling

Implications for the presenésearch arsummarized at #hend of the chapter.

2.1 CFD and RANSModeling

2.1.10verview of CFD Turbulence Modeling

CFD is the numerical simulation dfuid flows by solving the governing equatigrincluding
the conservation of mass and momentuhe NavierStokes equations, the conservatioof
energy,andthe equatiosof state. Te details of flow dynamics obtained witt-D simulations
provide the important flow features in a fluid system that are difficult or impossible to obtain
from experimental tests (Vaeeg and Malalasekera, 200 urthermore, e useof CFD has a
great advantage in cost savings esmpared to the empiricalputandexperimentatest
techniquesespecially for product designs that involve parametric studies.

Despite the increasingly popularity anaw$ CFD for practical problemsthe applications still
require a great deal dinowledge andexpertise inthe modeling offlow turbulence that is
encounteredn almost all mechanical flow device€CFD modelingin turbulent flow usesemi
empirical modelsderived base on turbulencetheory together with empirical inputsvarious
modeling approachesxistincluding Direct Numerical Simulation@iNS, RANSsimulation and
Large Eddy SimulationLES.

A turbulent flow hasa highly random fluid motion with the velocity amatessurechanging

continuously with time. The timdependent turbulence fluctuatioreg turbulence eddies, can



rangeover a largeangeof frequenges. To resolve small scalesxtremely fine computational
grid cels and timesteps are required. h€ smulation of the resultingluctuation governing
equationgo resolvefully the turbulenceeddies is referred to &NS A very high computational
demand is requiredo applications ofDNS are limited to simm@ problems for fundamental
researchor asa validation tool for the other turbulence models. The applicationDfS in
complex flow simulations, such as S-bendwith effusion flow is not foreseen in the near future.

The RANS approach bypassethe enormous computational expen®e model the exact
instantaneoudNavierStokes equations by representing theverning equations withtime-
averagd flow quantities Additional equations are required to obtain closime fluctuating
guantities for which various sermempirical RANSturbulence models haveeén introduced
TheseRANSbasedmodelsareoften criticized for lack of physical representatginceturbulence
eddiesof different sizesare based on a universal model. Nonetheless RABISapproach has
been the most commonly used turbulence mdakehuse ofits computationaleconomics
numerical stability, and reasonable simulation accurfacymany classes of turbulent flow
especially for industry applications

LESis situated betweeBNSand theRANSIn terns of complexity whereinthe largest scde
turbulence structures are explicitly computed and the smallerscale turbulencestructures
(universal scale) armodeled LESprovides an attractive feature in resolving the limitations of
the RANSmodelsespeciallyfor the simulations with largscaleflow mixing and high geometry
dependent flom The approachasless restrictive mesh resolution requirements tbaig
however extremely fine meshes and long computational times are still necessary. With the
intertion to enable the applications bESin practical industrial flows, some recent modeling
approaches based on hybkiHSandRANSsimulations have been proposed. The basic idea is to
detach thenearwall boundary layers zones fromL&S simulation and model witRANS or, to
embed d.ESsimulation region in &lRANScomputational zone with specific interest such as high

separation. A general discussion was given by Bateal. (2002). These hybrid models have
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shared same successes in practical flow simulations in some recent publidatiodsg Sbend

flows that will be discussed iBection2.2.5

2.1.2RANSbasedSimulations and Turbulence Models

In the RANSturbulence simulations approach turbulent flowis expressednto mean and

fluctuation components ahownin Equation(2.1):
F=F+Fi (2.1)

where f represents a scalar quantity, such aas/elocity componentpressure,or energy.
Substituting these expressions into tomtinuity and momentum equations (the NaBevkes
eqguations) and taking an ensemblerage (Reynolds averaging), the equations can be simplified
by dropping the ovebar on the mean component, thgivsing the ensemblaveraged Navier

Stokes equationass shown in Equatiof2.2) and(2.3):

|Jf+|.,l(fui)_0
— = 2.2
Mt HX (22)
H;%’U-U-S Vi o - =
u(rui)+ ¢ l=__ “P J + B geruiu.g (2.3)
X MX . ux X ¢ )+

J

The additional term { /E), thatarises on theright sideof Equation(2.3) by the averaging

procedureis defined askeynolds stress¢lat mustbe modelecdhumerically. Dependhg on the
additionalnumber of partiadifferential equationsised to model Reynolds stres®.(to obtain
closure of the system of equations), ReNSbased turbulence models are commonly refeiwed

as(numberequationmodeld, such azeraequation and twequationmodes.



2.1.2.1Eddy Visco#ty Concept

The classical modeling approach is the eddy viscosity madethich the Reynolds stress

arerelated tahe mean flow velocity tensars, , based on thBoussinesq hypothesis sisown in

Equation(2.4),

— 2 Quu WU 8 2
- rui|U! = WSJ - érkdU = m%%"'mjg- §fkdu (24)
cHl =

The first termon the right is analogous to the molecular viscous stragsoducing a
mathematicatermi turbulenteddy viscositfsz). The second term that invals the Kronecker
delta @) and turbulence kinetic energl) (s employed to give the correct results for the normal
turbulence Reynolds stresses.

The eddy viscosityn is treated as an isotropic scalar quantity based on the eddy viscosity
model and can & described in term of velocity scald \ and length scale?) as shownin

Equation(2.5), where Cj is a dimensionless constant.

m=rcy? (2.5)

2.1.2.2Mixing Length Model

The simplest description afzis the zereequationturbulencemodel, such as the Cebeinith
model and the Baldwihomax model (Cebeait al, 2005), in which eddy viscosity is resolved
by an algebraic formulae based on the Prandtl mixing length theory. These models have shared
some successes in turbulent flow simulations despite the simpliciheimodeling efforf e.g.
flow simulations without separation or recirculatiomhe mixing lengt model is inadequate to
model a turbulent flow in a more complete mansérce it does notmodel the convection and
diffusion of turbulence energy. More details on the various algebraic models and their

applications aravailable inCebeci (2004).
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2.1.2.3k-ebased TweEquation Moded

More elaborate modelsf g are based on the turbulence transport properties governed by
partial differential equationslso known as transpeetjuation turbulence models. Among the
transportequationbasedturbulence models, ¢éhk-e model originally proposed by Jones and
Launder (1972) along with the enhanced modifications oR#aBlormalization GroupRNG k-e
and therealizable k-e modek are the most widely used turbulence modelspecially for
industrial flows.

Two additonal transport equations férand e are solvedalong with the system oRANS
equations to obtain turbulent flow solutionBddy viscosity isdefined as a function of turbulén
kinetic energy(k) and its dissipation rateg( with a dimensionless constaf;) as shown in
Equation(2.6). The derivation of th& and etransport equations has relied on empirical inputs
which requireda number of buiin constants in the formulationdMore details of the transport
equations and nuel constants aren widely availableCFD text books such as Vaeeg and

Malalasekera (2007).
m= rc,_— 2.6

A different methodology for developing theand e equations was proposed Makhot and
Orszag (1986)ased on thdRNG mathematical theory. In essence, the calculation of eddy
viscosity g is sensitized to the magnitude of rafiestrain through the addition of a speciie
term in theUequation. Thaletailed formulation of th&NG k-e modeland its applications in
complex flow problemsncluding transient heat transfer and tirdependent behavior of large
scale structureis available inGatskiet al.(1996).

Therealizablek-emodelby Shihet al. (1995) is anothealternativeversion of the standatde
model that has been widely employed in practical flow simulatimasuding the prediction of

the rotating shear flow, boundafyee shear flow, channel flow, and separating flo new
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equationfor ederived from the transport of the mesguare vorticity fluctuation was employed
in the model to better simulate the transfer of spectral energy. An alternative formulation of
with C; as variable is also included in the model to define the realizability constraints in the

model,i.e. maintaining a highethanzero value for the turbulence quantities suck @isd e

2.1.2.4Nearwall Modelingfor k-eModels

The above discussions &e modek have focusedhus faron the modeling othe fully
turbulence flow regions. For wall bounded flow simulatiagh as the flow around airfoils and
internal duct flows, special treatmestrequired to account for the viscosity damping effects on
turbulencein the presence of wall boundary. The three common approaches are: (i) wall
functiors, (ii) a low Reynolds number modificatiorand (iii) a two-layer zonal modeling
approach.

The wall function, derived based on thearwall logarithm law, was intbdduced by Launder
and Spalding (1974) in their standakee CFD simulations to bridge the inner wall viscous
dominant zone to the outer fully turbuterone. The approach avoided the integration ofkthe
and e equations all the way to the wall boundaagd thus greatly reduced the grid counts to
resolve thenearwall flow boundary layer. The wall function is only valid in the lelgw layer
with the equilibrium condition between the production and dissipation of turbulence kinetic
energy The accuracy ialways questionable for flow simulations with low Reynolds number and
sepaating and recirculating flow.

The applications of the wall functiotypically require the first wall boundary gritb be
controlled within the nordimensional wall distancg” of 30 to 300. The appropriatelow
Reynolds number region using the wall functeimulationis illustrated inFigure 2i1. The

dimensionless velocity’, andwall distancey” aredefined in Equation(2.7) and (2.8), where U
is the mean flow velocityy is the wall distancey, = ,/¢,,/r is the friction velocity, and,, is the

wall shear stress
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u=2
m 2.7)

(2.8)

20—

U*=5510g,,y%+ 545

—TURBULENT
PREDICTION

O KUDVA & SESONSKE (1972)

1 10 + 100

Figure 2i 1. Pipe Flow Velocity Profile (Launder and Spalding, 1974)

The low Reynolds number modificatida the adjustmentof the originalk-e equations to
enable their integration in the leflow region to the wall boundary. The wall viscosity damping
effectsaretypically integrated in the formulations by: (i) including the (molecular) viscosity in
the diffusion tem of thek and etransport equations.¢. replacing the terns, ase+g;), and (ii)
incorporating damping functions in the modeling constant ottla@d eequations. Sincethese
models involved substantial manipulations of the modeling constants and theeaordamping
functions, the accuracy and consistencyCFD simulations are rather arbitrary as shown in the
review of the eight different low Reynolds number eddy viscosity mqudiishedby Patelet

al. (1985).
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With the same intdion to enable the integration to the wall boundary, Chen and Patel (1988)
introduced the twdayer zonal modeihatsubdivides theearwall flow domain into the viscous
affected subayer and the fully turbuldgrregion. The division of the two layers is governed by
the wall distance Reynolds numbd®g) defined as inEquation (2.9), wherey is the normal

distance from wall.

Jk
Re =r y? (2.9

In the full turbulem region withRg, > 200,k-emodels are employed and turbulerscosity is
detemined based o&quation(2.6). In the viscous sulayer withRg < 200, the onequation
model by Wolfstein (1969) is employed;i.e. the k-equation is retained with alternative
formulations for the length scale and the turbuléscosity. This approachasanadvantage in
resolving the boundary layer flows with the numerical stability and modeling consistency (with
the use ofa sublayer model) as compared to the leRe models. A higher grid density is
unavoidable where therit wall cell withy" of about 1 and a sufficient number of cells (10 to 20)
in the viscosityaffected subayer Rg < 200) are required fo€FD simulations. Nonetheless,
the method resolves the inherent limitations of the wall function in simulatibglént flow
boundary layes in situations that ardighly strainedhave strong curvature effects with high

adverse pressure gradigrand separating flow with recirculatisituations

2.1.2.5Low Reynolds NumbeS8palartAllmaras k-wandk-Gv? Model

Eddy viscaity models based on tharbulence properties other th&rand e have also been
developed These include theneequation SpalarAllmaras model (Spalart and Allmaras, 1992)
that uses the turbulekinematic viscosity § ) as transpdrvariable; the tweequationk-wmodel
by Wilcox (1988, 1988a, 2006, 2008)at used the turbulence frequenay £ Uk); the shear

stress transporSG7 k-wmodel by Menter (1994hat blended th& Uandk-wmodels and the
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four-equationk-Ov? model by Durbin (1991, 1991a) with the additioraof? velocity scaleand
an elliptic relaxation fundon as the third and fourth variables.

These models have been developed for general flow simulations with low Reynolds number
effects thus allowng for the simulations of wall boundary laygewithout the need of wall
functiors.  Among these models, tH&S k-w model (Menter, 1994)has attractedsignificant
interest for general industrial flows with its blending formulations employind-tivenodel for
nearwall viscosity dominant flow simulationsnd the k-U model for the outer layer fully
turbulert flow simulations. Eddy viscosity in the originak-wmodel is determined as a function
of k and was shown irEquation(2.10). The blending between the two models is achieved by

trarsforming thek-Umodel into &-wformulation as detailed in Menter (1994).

m= r;v (2.10

2.1.2.6Reynolds Stress Modahd Advanced Turbulence Model

The Reynolds Stress Mod€éRSM is a moreelaborateturbulerce modelthat solvedifferent
transport equations faachReynolds stress iBquation(2.4) to account for the anisotropic effect
of turbulentflow. Theoretically it developsa more accurate prediction for complidow. The
application is limited to the reliability of the closure assumptions employed foRelyaolds
stresses tensor and the additional computational time to solve the extra equations.

Approaches have been made by modifying the-dgyoation eddy viosity model to preserve
the anisotropic effects of Reynolds stresses while maintaining a reasonable computational time.
The applications of models such as the algebraic stress equation model and-ltheanére
model| have also been used for practiGHD application such as-Bend simulations and film

cooling simulations.
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2.2 Curvature and S-Bend Flow Passages

2.2.1Fluid Dynamics of Curvature/Turning Flows

The fundamentalof flow dynamics in Send passages could be undsmdtthrough the study
of simple tuning flows. Figure2i 2 shows the three fundamental turning flow dynamics of: (i)
the radial variation of pressure distribution, (ii) the generation of predsien secondary flow,
and (iii) the occurrence of separating ancinaulating flow.

As shown inFigure2i 2 (a), a turning flow is subjected the centrifugal force by fluid motion
through a curvaturewhich is balanced by the variation of radial pressure increasing from the
inner to outebend The radial pressure variation creates a low pressure region at thévémaker
convex surface with ons&vourablepressure gradiesaind adverse gradiestowards the outlet
Oppositely, a high pressure region is developed at the-batet concave sface with onset
adverse gradiestindfavourablegradiens at the bend outlet.

The high velocity core of the flow is deflected to the olndunder the centrifugal motion.
As the displaced flow encounters the higher presmgion it is redirected fsm the outebend
to the lower pressure inndyend region along the sidewalls. Follavg the continuity, a
corresponding motioarises in redistributing the fluid flow from the inner to outbendalong
the centre symmetry plane of the passadédis seondary fluid motion generates a paif o
counterrotatingvorticesin the sreamwise direction as shownkigure2i 2 (b).

Low-energy fluid is accumulated at tloitlet of the inner bené@s a consequenas the
secondary flow motim. The region is susceptible to flow separagtamshown irFigure2i 2 (c),

when the low momentum flow encounters the adverse pressure gradient at the bend outlet.
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Figure 2i 2. Turning Flow in Single Bend (Miller, 1979
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Flow fields with secondary flows in cung passages were studied in some eadtedes
through theoretical solutions of the reduced forms of the N&tmtes equationss discussed by
Humphreyet al, 1981 It was thedevelopment of noeintrusive optical measurement techniques,
such as Laseboppler AnemometryL(DA), has confirmed the effects ¢dirning flow. Those
researchersneasured the flow distortioria a square duct with a normal beadd seondary
vorticesat the corner regionthatwereinduced by the normal stress imbalancesirred bythe
presege of corner walls. The effects of the cornmarticeswere however fountb benegligible
as compared to stronger pressdriven secondary fles on the flow distribution towasdthe
bend exit.

Enayetet al. (1982 conducted a similar study based on a similar duct but with a more
moderate curvature. The secondary flow behavior was consistent to the measurements by
Humphrey with weaker secondaprossstream velocities based on the passage with more
moderate curvature.

The secondary flow phenomena were consistent with the numeridglcioducted by Dennis
and Ng (981, which showed the occurrence tfe secondary flow with symmetrical vortex

pars at Dean NumbeiDg) of greater than about 1000e is defined inEquation(2.11),

De=Re|2- (2.11)
2R

whereD is the length scale (inlet widthlR is the curvatureadius, andReis the flow Reynolds
number. The values de wereabout 2x1d and 120" in the studies of Humphre{1981)and

Enayet(1982) corresponding to the radius/dweidth ratio R/D) of 7 and 2.3espectively.
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2.2.2Diffuser Performance with Curving Passage

The performance of curved diffusers, both sidgéad and $end, is measured with the same
pressure recovery coefficient that is used for straight diffuser design. The pressure recovery

coefficient, following the conventions ifrigure2i 3, is defined ashown in Equatioif2.12),

P P

— "out in — "out”
C. = =

) P
P I:)T - I:)in den

in

(2.12)

whereP;, is the inlet/freestream static pressurB,, is the outlet static pressuré; is the inlet
total pressure, ang,,, =1/2 ri,UZ is the inlet dynamic pressure
The idealC, based on the assumption of frictionless flow is defined as,

1
Cp, frictionless — 1- H (213)

where AR= A,/ A, is the diffuser area ratioC; is limited by pressure losses and diffuser stall

(flow separation)for practical devices. The diffuser length) (and diffuser angle q;) are

additionalimportant geomeital parameter$or diffuser degjn.
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Figure 2i 3. Geometry of Simple Diffuser
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The ke in designing a high performandéfuserareto maintain (i) a diffuser length @void
excessive pressure losses, and (i) a diffuser angleowtiitanylarge flow separationand to
maintaina uniformoutflow distribution. The same design principle is applicable to the design of
diffuserswith a curvature or ®end passage. Nonetheless, the flow field distributions driven by
the curvature effe@ have made the design more complidateBesides the viscous effects,
additional pressure losses are induced by flow instabilities and boundary layer separation due to
the steepened adverse pressure gradients. For such reasons, th&typichlesignis limited
to ARof 1.5 due to the diffusicnurvature flow interaction (Miller197§.

The performance of a diffuser with curvature passage is closely related tedis&ribaitions
of the turbulence energy in curvature passadkat are susceptible tibow separations at the
innerbendconvex surface as shownhigure2i 2 (c). The highly anisotropic turbulence stresse
measured by Humphrest al. (1981)illustrated the (i) stabilizing effects at the inner convex wall,
and (i) destabilizing effects at the outer concave wall, corresponding talébecasing and
increasingturbulence intensityrespectively,at the two regions. At the outérend concave
surface, the higlmomentumfluid is transferred to the outer radius, restiin a higher
turbulence energy region that energizes the flalhowing it to withstand the onset adverse
pressure gradient. At the bend outlet of the inner convex surface, the pesistafiow
separation is greatly dependent on the strength of saporftbw to reenergize the low
momentum flow accumulated the region.

Figure2i 4 shows thempact of turbulence intensity @@, in single bend passagéSullerreyet
al., 1983. The study showed a high€p was obtained in aurved diffuser by testing it under
high turbulence flow to suppress the flow separation at the downstream section of the convex
surface.

High performance curved wall diffusers with rapid turnamgpossiblewith the diffusion angle
concentrated away fromie low momentum flow region to avoftbw separatn. Figure2i 5

shows a design of suediffuser given in Miller (1978) The use of passive flow control devices
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was studied to improve the outflow uniformity of curved diffuse(Sullereyet al, 2002 and

Chonget al, 2008)

1 | S
0 3 5 7 9

Station index

Figure 2i 4. Higher C, in a Curved Diffuser at High Tu Flow (Sullerrey et al, 1983

Diffusion
Concentrated Away
from Inner Wall

Momentum Mixing
in Parallel Section

Figure 2i 5. Curved Diffuser with Parallel Section and AngledDiffuser (Miller, 1978)
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2.2.3S-Bend Flow Dynamics

The studies of ®end diffusing flow passages f@T engine applicationsire generally
categorized into (i) ®end annulus passages, and (iifpedd internal flowpassages. The
fundamental difference i#hat the secondarylow in annuluspassagess affeced by upstream
struts or swirb, whereasthesecondaryorticesin internal flow passagese induced by the end
walls.

Previous research on both flow passagesvidely availablein the literatureowing to the
relevance taGT applications Studiesincludeinter-turbine annulus ®end dffusers by Norris
and Dominy 1997 and Zhanget al. (2010, Sbend internal passage for engine intake
applications bywhitelawand Yu (993, Menzies (2001), and Zhangt al. (2009) and Sbend
nozzle for engine exhausts by Coates and Page (2018 presentstudyis focused on $end
internal flows because of the direct relevance to the specific intere&Ti@ngine exhaust
applications.

In Sshaped internal flow passages, the fluid motion at the first bend sentilar as the single
bend flow but becomes more complex at the second bend due to the opposite curvature. The
diverting flow throughthe two opposingcurvaturescreates a flow field variation with wall
pressure gradients meversing senskom the firstbend to secondend. Several adverse pressure
gradient regions &e in such a flow passaggnerating presswdriven countefrotating vortices
at both bends.

Low-momentumflow is gathered at the first bend inner convex surface and continues to flow
toward the second bend concave regi@sulting in a lowflow region. A flowin a reversed
sensds induced by the opposite curvature, and a great region at tle¢ @fittie second bend is
occupied by the secondary flows with reversed vorticity. The counti#ing vortices
originaing from the first bendaredeflected to the outer wall at the second bend and continue to

propagate to the outlet with the same ratatlirection, as illustrated Figure2i 6.
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Flow

Figure 2i 6. Pressure Distribution and Secondary Flow iran S-Bend Passage

Taylor et al. (1982, 1984 completedexperimentaktudies onthe Sbend flow dynamics in S
bend passges withsquaresectionandcircular-sectionusingLDV measurements (LasBroppler
velocimetry). A moderate -Bend angle of 22.5f22.5°was used to avoid flow separation.
Comparison between the laminar andtuent flowresultsin the circular Soend,whereRewas
about 800 and 40,000 respectively, showed that greater pressie secondary flows
measured for the laminar flow caseuld beattributed to the thicker inlet boundary layer. The
same argument & also made for the case with the scusaction, where stronger secondary
flows were measured fohne irflow with boundary layer trips.

The redistribution of the vorticesoriginaing from the first bend towasdthe Sbend outlet
were measured in bothsaye and circular sectiorddics. More extensive redistribution reg®n

were measured for the circulaection Sduct, which mightbe attributad to the suppression of
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secondary flow due tthe cornereffectsin the square duct. The vortex stretching Inaedsm

was analyzed based on the Squire and Winter formula, where the magnitude and direction of
streamwise vorticity are related to the local sign of radial vorticity passing through the second
bend concave region. The detailstld Squire and Winter fanula and the derivation based on
potential flow theory were given in tis¢udyby Rowe(1970.

A more recent study of-Bend flow dynamis was conducted by Net al. (2006 based on
squaresection Sbend ducts with three different turning angles of 33347 43.6743.67 and
53.1753.1° Greater pressure differences between the inner and outer ssif@ce measured
with the higher turning angles. For all three cases, higleersepressure gradients were
measured at the two inner bend convex walls@mpared to the two outer concave walls. Flow
separationsvere detected for all three passagéghe first bend inner convex wall. The study
showed that the locations of flow separation were indicateth&slight distortionsin wall
pressure distrilitionsobtained from pressure tapk the study, lbw separations were verified by
flow visualizations.

Figure2i 7 shows a separation line (on the sidewalls) dividing the two secondary flow regions
with opposite swirling direatins recorded based on oil flow visualization®g et al. (2006)
claimed that this ®end flow featurevasnot reported previously in literatur&igure2i 8 (a) and
(b) shows the generation of double pair coumtgating vortice at the Sluct exit along the
second bend outer region based on the passagehgitbwer turning angle compiaig to the
single vortex pair for the highest turning angleedid passage. The creation of the double vortex
pairs were correlated to the tw@gn changes in local radial vorticity governed by the Squire and
Winter formulationj.e. predominant inviscid effects.

In their later studyNg et al. (2008) introduced a new parameter derived from dimensional
analysis to characterize the flows in norinahd curved and-Bend ducts. A promising outcome
was obtained in this attempt, where various data sets from different ressdnobleiding their

own data) were collapsed into a single correlation litdotable deficiencies werehowever
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illustratedin the correlation for passages with flow separatiinthe studies, arner effects were

mentioned bridf without much detaélddiscussios.

Dividing Line

Figure 2i 7. Separated Secondary Flow Regions with Quosite Swirling Direction (Ng et al,
2009
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Figure 21 8. SBend Outflow with Double Vortex Pairs and Single Vortex Pair(Ng et al,
2009
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2.2.4S-Bend Diffuser Design

Sbend flow fields, similar tothe curved diffusers, become more complicated with the
increasedadverse pressure gradients in diffusing passadéssides AR, there are other key
geometrical parameters forif@nddiffuserdesign including the turning angle, turning radius, and
passage crgssection.

An AR of about 1.5 was typically used f&bend diffusing passagedue to the complex
diffusion-curvature flow interaction Examples includethe Sshaped diffusers in studies by
Whitelaw and Yu(1992 1993 with AR1.5 andAR 14, Deyet al. (2002 with AR 1.5, Zhanget
al. (2000 with AR1.52, and Harlofet al.(1992 with AR1.52.

The range ofC, from about 0.35 to 0.4vas typicallyreportedin the designstudiesof S-bend
diffusers. The CFD study with LES of circular Sbend diffusers by Atellatif et al. (2008
showed thaanoptimumC, was obtained witlan AR 1.51andno improvement was obtained by
increasing thé&Rto 1.9.

Moderate turning angles of less than /30°were typically used for the design of-t&nd
diffusers to avoid flow segration. Anandet al. (2003) investigated the effects of turning asgle
of 157157 22.5f22.5°and 30730°in an AR 1.9 circular Sbend diffuser experimentally The
decrease of overal, from 0.45 to 0.35vas demonstratedith the increase of turninggle.

A similar study was conducted numerically by Detyal. (2002, with the turning angle of
157157 22.5f22.5°and 30730° , in conjunction with differentAR The study showed that
stronger secondary flows were predicted with higher turning arigleshe trend of overall
pressure recovery wascorrectlypredicted as a @ak function of turning angle.

Guptaet al. (2001) investigateche effects of turning angle and diffus®R on rectangular S
bend diffuses numericaly. A highC, of 0.42 was predited, compagdto the experimental result
of 0.46, based omn AR of 2 andan inlet aspect ratioAS of 6. The highC, was largely

attributed to the uniformly distributed flow at the duct outlet and the confinement of secondary
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flow to small outer regionat the sidewalls due to the higf& The study also indicated the
increase oC, with ASby maintaining a bend angle of below 30°?

Higher pressure recoveriegere alsoreported for Send diffusers with rectangular or square
cross sectiom as discussedni Anand et al. (2003). Improvementscould be related to the
suppression of the stronger presstirigen streamwisevorticesby the flow imbalances at the
corners angmallerlosses associated with the secondary corogices

Geometical parameters argypically constrainedor an Sbhend diffuser desigin aerospace
applications. The design improvement is thusuéed on the control andinimization of flow
separationnitiated at thefirst bend convex surface witbw-energy flow. The investigatioby
Whitelaw and Yu {993) revealed a larger flow separation in thR 1.4 circular Sbend diffuser
The separated floinduced outflow distortions with &rge counterotaing vortex pairas shown
in Figure2i 9. Thestudy also sbwed thegreater separation regi@mdoutflow distortionfor the
inflow with thinner boundary layems compared to thaflow with thicker boundary layesbased
onasameinflow Reynolds number.

Whitelaw and Yu 199?) studied the effects of asymmetriclow conditions in anAR 1.5
squareto-rectangular $end diffusing passage by installing trip wires to increase the boundary
layer thicknessn three different orientationsGreateroutflow uniformity with a smber vortex
pair at the secondelnd outer oncave surface was obtained with trip wires installed at the inner
convex surface ahefirst bend inlet. The effect on the pressure recovery h@sever found to
be insignificantgiving the sameC, of about0.25 regardless of thmprovedoutflow uniformity.
The author explained that the insignificant effect<Cpnvere attributed to thesignificant gain
or loss ofkinetic energyin the flow field without &low separation.

Flow control devices, such as vortex generators studied by J{{28@R, are commonly used
to eliminate or reduce the flow separation to improvene overall Sbend pressure recovery.
Instead of eliminating the flow separation, thebeéhd diffuser design optimization study

conducted by Zhangt al. (2000 showed that the créan of a local separated zone at the

27



opposite wall effectively redudethe crosdlow effects by the flow separation and yielded a
uniform outflow distribuion. The Sbend diffusedesignis illustrated inFigure2i 10. Insteadof
the local geometry refinement, Lee and Kim (2007) employed an elaborated numerical approach

to optimize the overall profile of anghaped diffuser.

Flow Separation

Figure 21 9. Flow Separation inan S-Bend Diffuse (Whitelaw and Yu, 1993)

Local Separation Zone

Figure 2i 10. S-Bend Design Optimizationwith Local Separation Zone(Zhang et al, 2000
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2.2.5CFD Simulations of SBend Passage

The compéx flow phenomena in -$end passaganakenumerical simulations usinGFD a
challenging task. There ameanyconcerngegardinghe validity of variousturbulence modeli
predictingthe boundary layer growth and flow separation underetffiects ofmultiple regions of
adverse pressure gradiemd secondary flows.

The applicationsand improvements of the various sesmipirical RANSturbulence models
have been studied extensivedynd are easily availablein the literature For CFD studies of
simple curvature passagyéocuses were onhe modeling of turbulent boundary layeggrowthwith
curvature effects and themodelingof turbulence generation and damping at the concave and
convex surfacemspectively Most of these studies were conducted whthefforts in modifying
the existing turbulence odels, such as the sfed of Luo and Lakshminarayana (1997, 1997a)
and Sotiropoulos and Ventikos (1998). A comprehensive rewewgiven by Patel and
Sotiropoulos (1997).

For the simulations of more complexo8nd flow passagetheinherent limitation bthe RANS
based eddy viscosity modéssthesimulation of aisotropic turbulencéow fields. Jongeret al.
(1998) tested a composite algebraic Reynolds stress model, which coupled the algebraic stress
and anisotropic dissipation formulations, in thediations of a constant aread8ct. The study
showed that better predictions in both mean and turbulent flow properties were obtidintgua:
composite modehs compared to the simulations based on the eddy viscosity model and the
explicit algebraic s#ss model.

Coates and Page (2012) conductedaae recenCFD studyin simulaing the Sbend passage
based on the studyf Ng et al.(2006) The studyhighlightedthe limitations of thezariousRANS
turbulence models in predicting the pressure distribstiat the second half of theb®nd as

illustrated inFigure2i 11.
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Figure 2i 11. SBend Wall Pressure Distributions based on DifferenRANS Turbulence
Models (Coates and Page, 4@)

The limitations of theRANSbased turbulence modefs simulaing the streamvge vortices in
curvature flowswere discussed by Liet al. (1996) and Lopest al. (2006)in their CFD studies
using LES simulations The advantages ofLES simulationswere also demonstrated in their
studies in modeling the high anisotropigrbulence of $end flow fields

Despite the advantages$ usingLESin S-bend flow simulations, thpractical applications are
still limited to smaller size odown-scaled models.To improve simulation efficiency, eme
recent modeling approaches basedtmhybrid LESandRANSsimulations havéadsuccess in
S-bend diffuser desigapplications These hybrid ES approaches includihe Detached Eddy
Simulation DES studyby Chalotetal. (2007), and Vuillermet al. (2006).

A comprehensive comparison between the edslyosity models, the algebraRSM and the
DES model was also presented in the studyy Vuillerme et al. (2006). Better predictianof

outflow distortion ancof the recirculation zone were obtained with both the algebR&dMand
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DES model, as compared to the eddy viscosity models. Nonetheless, the improvement in the
prediction of pressure recovery was only marginal.

Despitethe known limitations, numero@FD studiesof S-bend diffusers werstill conducted
usingthe RANSbased eddy viscosityodels. These CFD studies could be roughlyategorized
into:

0] evaluating the performance of different turbulence models basedpecHic S-bend

diffuser

(i) studying the geometrieffectsin S-bend designusing a validatedFD methodology

based ora specificexperimental dataet

Reasonable predictions of overall pressure recovery are generally obtained using the different
eddy viscosity models. To captufgetter the flow separawns and outflow distortions,
simulations using th@neequation and twequation turbulence modglsuch as the Spalart
Allmaras,k-Uandk-wmodek, are requiredin place of thealgebraic or zer@quation modesuch
as the BaldwirLomax model. Such coparative studie were presented in the research by
Harloff et al.(1992) and Jenkins and Loeffler (1991).

In theCFD simulation of the RAE 2129-Bend modelMenzies (2001showed that th&ST k
w model outperformed the Spal&limaras and the standarklw modek in capturing the
streamwise secamlary flow field. Leeet al. (2013, in the simulations athe Allison 250 Sbend
diffuser, showed better predictions of outflow velocity profiles udimg SST kw model as
compared to the standakdJandthe standardk-wmodel.

In the CFD studies of geometrical effecasd desigroptimizationof S-duct diffuses, it seems
like a common practiceto conduct the various investigations based on a valid&teD
methodology The same gridnodel and sameturbulence model werappliedin the CFD
approach,even though the baselineFD model was only validated against &pecific flow

parameters with a singlet&#&nd design
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In desigling vortex generat@rto suppress the flow separation in a shortende @l dfuser,
Jiraseket al.(2007) showedhe possible use of combin@FD-DOE (Design of Experiment) for
designoptimizationbased on developedCFD procedure Papadopoulost al. (2012 employed
CFD validated against the RAE 2129%8nd modelto design ars-bend diffuser with oblong to
circular transition passage. Tbersiderable difference in geometfatures between the two-S
bend passagavas disregarded

Othersrelevant Sbhendstudies include thseconductedby Zhanget al. (2000), Gupteet al.
(2001), Deyet al.(2002), Lee and Kim (2007), and Gopaliaal. (2011). CFD results obtained
from sucha simulation methodologyare useful in providinghe details of the importantflow
featuredor design improvementsExperimental testarestill required forthe design validations

andflow parametric studies asdsonecessary to verify thalidity of theCFD results
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2.3 Film and Effusion Cooling

2.3.1Surface Cooling for Gas Turbine Applications

Film cooling in its basic formis the injection of coolarftows through opening slots or rows
of discrete holes to create a thermal insulation layer on a wall surface. A variety of surface
cooling technologies based on this principlave been developed to obtain higher cooling

efficiency, as illustrated ifFigure2i 12,
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Figure 2i 12. Different Film Cooling Technologies(Adapted from Cerri et al, 2006and
Zhang et al, 200%)
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Figure 2i 12 (b) showsthe effuson cooling schemewith multiple rows of discrete hole
injections that providea full-coveragecooling film on the surface It is probably the simplest
technique with the highest cooling efficiency and feevest structural requirements. This
cooling tehniqguecombines the performance of a cooling film layer with backside and internal
hole-by-hole convective coolinglt is an important cooling technology BT combusion system
applications The use of effsion cooling for localized hetpot remedy inIR suppressor
applicatiors wasdescribed by Birk and David988.

As for theimpingement cooling configuratioin Figure2i 12 (c), the enhancement of cooling
effectiveness is achieved by injection of coolant through the innétavimicrease the local heat
transfer efficiency without disturbing the mairstream. The effectiveness of impingement
cooling can beignificantlyimprovedif combinedwith effusion coolingas shown irFigure2i 12
(d). The impkmentation is however with intrinsic structural complexity where two wall layers or
even more complicated internal passages are required.

Figure 2i 12 (e) shows a more unique transpiration cooling technique with coolant flow
bleedingthrough a multiperforated porous wall with high density of micrescale cooling holes.
Transpiration cooling is often referrdd as the surface cooling technique with the optim
cooling performancéAndrews and Aserel984). Nonetheless, thategation of porous wak in
gas turbines,sintered metals in most casds restricted by the inappropriate mechanical
properties,andthe o o | i n g susaeptilfility to elégging. Effusion cooling, a comparatively
simple technique, has thus been stddwith an aim of matching cooling effectiveness of

transpiration cooling.
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2.3.2Film Cooling Performance

A schematic of film cooling is illustrated iRigure 21 13. The flow parametersare main
stream temperaturel{,), coolant fim temperature abovine wall surface T, or T;), coolant

temperatureT.o) and wall temperaturd(q).

U hot
T hot
Ucool T/ Tf
aw
Tcool \T Twall

. cool, exit
cool, in

Figure 21 13. Film Cooling of Discrete Hole Injection

For simple film cooling with discrete hminjections, an effective cooling film is obtained with
0] a good lateratlistributionof cooling film that prevemstthe penetration ahe hot free
stream gasese. film coverage comparable to the one of ghjéction
(i) a well attached coolant layer teetburfacewith nolift -off
(iir) minimum dilution/mixing with hot freestream as a function of downstream diséanc
from injection location.
Two key parameterthat measure film coolingerformancearethe film cooling effectiveness
(or adiabatic cooling effeateness,d,g), and the net heat flux reductiorto surface ).
Adiabatic effectiveness provides a measure of cooling film effectivenesthasmal protection
layer. Bogard and Thole (2006) suggested that the most precise definition of cooling

effectivenesds based on the argument of adiabatic wasdldefinedin Equation(2.14).
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Nonetheless, some earlier literature refetced,, asT; and usd the upstream temperature of the
coolant instead of the exit temperature due to the diffi@fltpeasuringhe coolant temperature
attheinjection hole exit. Thenore general form of thermal coolirdfectiveness is thus written

alternatively ashown n Equation(2.15),

Th - T
h - ot f
" Thot - T (2-15)

cool

The net heat flux to the wall surfgagith and without the cooling film effectare written as

shown in Equatioi2.16) and(2.17),

a; =h (T, - T,) (2.16)

q:) = ho(Thot' Tw) (217)

whereh is the heat transfer coeffent and the subscript and odenote the flow conditions with
and without film cooling respectively. The net heat flux reductiorthtowall surface with
effusion cooling is thus giveby Bogard and Thol¢2006) as the expression shown in Equation

(2.18),

h (T - TW))g (2.18)

a
Dg, =g
? ho(Thot'Tw :

h
The ratio ofh—f is more commonly reported in film cooling ste where a value lower than

0

unity is desirable for coolinglin to be effective aathermal barrier.
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2.3.3Effusion Cooling Performance

Thegreatest advantage of film cooling with multiple holes injectiahésbreakdown od high
injection momentum(from a single cooling hole)nto full-coverageof discrete jet with low
injection momentum This in turn reducedoth the tendency of jet lifoff, and penetration of
coolant into the main streamerebyimproving overallsurface cooling effectiveness.

With aneffusion cooling configuration, overall cooling effectiveméds greatly enhanced with
internal wall convective heat transfer throughfiile-coveragecoolant passages. As discub#e
Andrews and Asere (19843onvective heat transfer in effusion cooling with low coolant flow
rate (to simulate the effectivenesktranspiration cooling) can attribute up to 60 % of the total
cooling effectiveness. In the study of overall convection heat transfer with effusionetry,
Andrewset al.(1988)revealed that overall convective heat tranigfdairgely attributed t@oolant
side hole surface area due to the acceleration of coolant air into the Satefler contributions
are associated with theonvective heat transfer in theternal wall surface of injection holes
The augmentation otonvection heat transfer uo the entrainment dhe high temperature
mainflow onthehot gas side is comparatively insignificant.

To account for the higher wall temperature cooling efficiency from lathcoolant side
convective cooling anthe hot gas side film cooling, a moappropriate cooling effectiveness
measurement is the overall cooling effectiveness that is defiaseld on the wall temperature

(Twan) @asshown in Equatioii2.19),

- Thot - TwaII

2.19
Y Thot - Tcool ( )

The intense internal wall heat convection inevitably redtice effectiveness of cooling film,
i.e. decreamqg /1,4 With increaing h; /h,, which in turn reduce the ideal overall cooling
effectiveness associated to transpiration coolifigis negative impact is in a large part due to the
boundary layer mixing induced by the discrete holedtipns (Andrewset al, 1985. While
discussed imore detail inSection2.3.4.3 a propely designed effusion coolingeometry will
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give a minorperturbationto the boundary layer mixingesulting inreducednegative impactsn
overall cooling effectiveness.

Besides the measure of effusion cooling effectiveness on a specific cooling section, the
implementation of effusin cooling has the additional advantages of upstream and downstream
cooling by heat conductian the cooling wall. Leg et al.(2003)showedthat thorough cooling
effectiveness from effusion cooling is teemof (i) the upstream section being cooledvisll
conduction and exterior convection, (ii) thel-coveragediscrete holes section being cooled by
effusion effects, and (iii) the downstream section being cooled by the cooling film layer that is

developed from the coolant injectiosgrface as show in Figure2i 14.
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Figure 2i 14. Wall Cooling Effects with Effusion Cooling (Lege et al, 2003)
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2.3.4Effects on Film or Effusion Cooling Performance

2.3.4.1Flow Parameterfor Film/Effusion Cooling

Therehasbeen a great deal of research to correlate cooling effectiveness to dukcecddnt
and main flowin orderto match the turbine engine operating conditions for film cooling designs.
Scalingparametersire mass flwor blowing rato (M), momentum fluxatio (1), and density ratio

(DR), each described as Equatid@0), (2.21) and(2.22).

M= rcoopcool/rhophot (220)
I'= rcoopczool/rhopﬁot (221)
DR= rcool/rhot (222)

The thermal capacity of a cooling film madsgroportional taM, with which A,y increases with
higherM up to an optimum value anthien decreasg due to jet liftoff and separation afhe
coolant flow from the coolant hole. The effects on streamwise distributiby afe illustrated in
Figure 21 15 with coolant jet liftoff and reattachment based on a single hole injection Mith
from 0.6 to 2.0.

The more commonly used coolant flow parameter in effusion coolingestisdcoolant mass
flow per unit surface area, denoted@with the unis of kg/sm?® As pointed ouby Arcangeliet
al. (2008)in their correlation studyan increasing trend @f,, with highercooling mass flow rate
was obtainegwhereas a predictable trem@s not obtainable based 6y andM. lllustrated in
Figure2i 16 is the increase ofh,, with higherG, based on the correlatiostudy by Zhanget al.

(2009), with IR thermography on an effusiarooled test plate.
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Figure 2i 15. IR Image of Single Holeh,q with Different M (Baldauf et al, 2001)
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Figure 2i 16. IR Image of Effusion HolesA,, with Different G (Zhang et al, 2009b)
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Momentum flux ratiol, gives an indication of cooling film separation from the surfage
scalng the main streandynamics force to coolafgt. Bogard and Thole (2008howedthat the
film cooling injection flow(i) remairs attached witH < 0.4, (ii) lifts-off andre-attache with | <
0.8 and(iii) fully detacheswith | > 0.8. The use of mmentum flux isnot relevantn the study of
effusion cooling.

The DR ratio isthe scaling of the temperature diffecerbetween the coolant and mdiaw.
Intuitively, a higherDR would be beneficial as high&t is required to liftoff a coolant jet. For
effusion cooling, Bazdii-Tehrani and Andrews (1994howedthat the effect bhigher DR on
effusion cooling configurationsasrelativelyinsignificant.

Besides the above scaling ratio,gBafsson and Johansson (2084l Legeret al. (2003)used
the temperature ratidli{/Teoo) and velocity ratio n./Ucoo) t0 Obtain a directelation with the
tempeature distributions on effusietpoled wall surfacesThe IR thermographyy Gustafsson
and Johanssoshowed that continuous coolingn thewall was measuredith the increase of
Tho! Teoot from 1.4upto 1.8. The same effestasobserved with the increase Gfq/Uqo from 56
to 15Q however the cooling effectvasreduced upstream with a minor improvement downstream
with the higler U,o/Uo. The effect based on the injection hole Reynolds nurfi®&se) was
also investigeedby comparing Reynolds numbers of 90 and, Bs@ found to bénsignificant.

Legeret al.(2003)obtained the same trend of an increash,jiwith Tpe/Teoo from 0.9 to 1.25
with the IR thermography measurements ah effusioncooled wall with different hole
geometies The study ofpressure drogffects DP = (Peooi T Pho)/Peoo, Was also conducted in
their study, which showeahinsignificant improvement or,, with the increase dbP from 0.66

to 2.2. These results are illustratedrigure2i 17.
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2003)
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2.3.4.2Main Stream Turbulence

In general, main flow with high turbulence intensify) promotes flow mixing and enhances
coolant flow dispersion at the injection hole vicinity. This has inducegreater lateral
distribution of coolant (increase of upstream laterfal) and reduced the adiabatic cooling
effectiveness downstreawiue to the diminishing film cooling effects.

Bonset al. (1996) reported that theeduction of downstreanf,q with higherTu only held for
low to moderaté. The high dispersion rate with hihu actually improvedi,y at highM due to
the alleviation othejet lift-off. Similar observations were regied by Mayhevet al. (2003)and
by Saumwebeet al. (2003) However, tey only observed alightimprovement off,4 with an
increasein Tu at high M, which mightbe attributed to the higherDR of 1.7 used in their
experiment as compared@dr of 0.95 used by Bons.

Thefull-coveragdilm cooling with ten rows of normal injecth holes studied by Harringtoret
al. (2001)also revealed that Hgh Tu has more significant effects on cooling performance with
low M. The study showed that the cooling effectiveness was reduced byl3®%4 u increased
from 5% to 18% foM = 0.25,whereasthe reduction was only 15% for highrof 0.65 and 1.0.

Kelly and Bogard (2003 avediscussedhe effecs of Tu on the convective heat transfer based
on the same cooling test plate. The study showed that the reductigr/hgfwas mainly
attributed to the increase ¢f, with a high Tu of 18%, whereas the effect bpwas not significant.
By conducting testwith heated and unheated initial lengtlpstream of the cooling section, they
also concluded that the developedttgemsm thermal boundary lay had amore significant effect

ontheheat transfer mechanism as compared to the local turbulence effaeisjattion hole.
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2.3.4.3Geometric Configurations

Extensive research efforts have been devoted to optimize the geoowtfiguration of
discrete mjection hols, including injection hole diameted); hole lengthlg..), injection angle
(@) and (b), and injection passages with shaped ogtlet improve the effectiveness of film
cooling performance. The use of inclined injection holes, in strésani@) and spanwiseb
directiors, hasbeen a common practice in film cooling design to overcome ttié jeff problem
associated with coolant injectiémthe normal direction, especially at high coolant blowing sate
Shaped holes with diffusdike passage such as fasshaped and laidback fathapedillustrated
in Figure 21 18, are incorporated to diffuse the coolant jet for better flow attachmenhen
cooling surfacgto further improve the film cooling effectiveness.

Cylindrical hole

g5 Bt =S

~incline angleU

holediameterd \v,//' hole lengthJhoe

Fanshaped hole -

R TEl G -

—~

M nm

Laidback Fanshaped hale

| //“
- I -
==
7]
g

A\ RN\

Figure 2i 18. Cooling Hole with Different Outlet Geometry (Saumwebeeet al, 2003)
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The effects of injection hole modifications were investigated in effusion cooling studies, such
as the compounded anglgections sudied by Zhanget al. (200%) and the farshaped outlet
holes studiedy Bohn and Krewinkel (2009) The advantage over the simple normal injection
hole was not certain as a comparison of cooling performance with the simple injectiarakole
not presenteth thesestudies. Legeet al. (2003) in the experimental study of effusion cooling
with the coolant injection angla of 30°and 907 showed that with inclined injectiona slight
improvement of cooling effectiveness of about 5% was péthonly at the location hakéngth
through the effusion plate.

Hole density and hole distribution on the cooling surface racge important geometry
parameters for effusion cooling desigHole density is defined as the number of holes per unit
surfacearea, normally denoted aswith the unit of nf. The hole distributions are commonly
defined with (i) laterahole centdline distance (pitcho-diameterp/d), and (ii) streamwise hole
centeline distance (row spacing to diameter rait).

Effusion @oling with normal angle injection holes have been studied in detail based on
different configurations of hole distribution by Andreefsal. (1985 1985a 1986, 1988199Q.
These earlier studies have made benchmark comparisons with the film coolimgnpede of
transpiration wall and two commercial effusion plates with complex flow passages in the multi
layered wall structure: Transply® and Lamilloy®. The study revealed that even with the
significant effects of convective heat transfer in effusion lingp the overall cooling
effectiveness was still greatly depenent on the cooling film efficiency to replicate the
performance of transpiration cooling. It is through the confiiom of effusion holes in tersof
spacing p/d ands/d), hole number peunit area ) and hole diameterd), combined with the
right coolant flow rate ) and pressure change across injection holed an optimum cooling

performances possible
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As a general guideline, overall cooling effectiveneasbe improved by redueg the cross
flow mixing between the awant flow and the hot gas masiream flow. The two practical
approaches are

i. for afixedn, cooling effectiveness can be improved by increading
i. for a constantG, cooling effectiveness is increased through theemsen while
maintaining the same total surface area of the coolant injection helagduce the
hole spacingp or s) andd
The similar approach to improve effusion cooling effectiveness by reducing the hole spaging
also reported in more currestudies byGustafsson and Johansson (20QEgeret al. (2003),

andZhanget al.(200D).

2.3.4.4Discharge Coefficient

The geometry configurations have a great effect on the discharge coefficient for film or
effusion cooling, which is defined as the ratio ofaldand actual coolant flow rates through the

cooling holes,

C. = I'#;iactual

D M. (2.23

where( qea iS the theoretical coolant flow rates without viscous effects.

The study of Saumwebest al (2003) showed that higheaZ, values of about 0.75 were
obtained using effusion holes widnshaped outletas compared to the, of about 0.65 with the
cylindrical effusion hole (Figure 21 18). The study showedhat Cp increasd with higher
pressure ratiop to a maximum valueThe effects off u were alscstudied,and found to benore

significant forthe shaped hosghan the cyldrical holesas illustrated irFigure2i 19.
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Figure 21 19. Cooling Hole Discharge Coefficient as a Function of Pressure Ratio aid
(Saumweberet al, 200B)
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Andrewsand Mkpadi (1984}ested the effusion plates withll-coverageof effusion holes
with n of about 4,000 and 27,000% The studyshowed thaC; gradually increased with higher
Re,e and reached the maximum valueade,q of about2,000. The rangeof Cp about0.8 was
reported in the study Higher C, was obtained with the test plates with= 4,000 m?, which
could be attributed to the larger cooling hole diametéhe study also showed that a slightly
higherCp was obtained with the coolirtgplesdrilled rather tharspark eroded.

In the study of impingemesgffusion film cooling on a curve section, Yaeg al. (2011)
presented experimental data@f as functios of M. Thestudy concluded the decreaseGyf
with greater holg¢o-hole spacingi.e. low hole density, and also reported the p€akvalue of
about0.6. The authors related the lo®p to the curvature effest but did not provide a

comparison t@case without curvature.

2.3.4.5Effects of Curvature and Press@eadients

The study othefilm cooling effectiveness with curvature and pressure gradient effects is one
of the key topics othe present research. The available literatisréimited to the study of
curvature effects based @ansingle row or double rows of hole injectiorAlso, mostrelevant
results in theliterature have the coolant injectionapparatusat aninclined angle A higher
injection in the tangential direction along the wall curvatunas applied as opposed tthe
normal injection wheréhere would be a higher tendency ofljitoff.

In principle, the performance dflm cooling in curved flow passage is affected by the
secondary flow fluid motion, and the stabilizing and destabilizing stress eféspsctively,on
convex and concawurfaces

i) secondary flow increasethe lateral effectiveness while redug the downstream
effectiveness on the concave surface due to the stronger lateral flow mixing induced by the

counterrotating flow inthe outward direction along the wall
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i)  with a low coolant injection flow rate, ¢hcooling effectiveness is higher at the inner
radius convex surface with better inject attachment to the surface due to the flow stabilizing
effects whereas, the effectiveness at the outer concave surface isldesmuse ofhe lift-off
effect due tdhe flow destabilizing effects

i) with a high coolant injectioncooling effectiveness becomes higher at the concave
surface with the high momentum coolant jet flowing into the curved sydappressg initial
lift -off effects. On the other handghi momentum coolant throughe convex suface tends to
overcome the maistream momentum and causes flowdift, redudng coolingeffectiveness.

Theseeffects oncurvaturecooling film have been reportéd the experimentaktudyby Ko et
al. (1986)andSchwarzeet al.(1991) The results from Ket al.are illustrated irFigure2i 20.

Jung and Henneckg2001) studied double staggered rows injection on both convex and
concave surfaceof the 45°and 90°bend rectangular ductsd observed the same flow effects.
Additionally, the study also revealed that: (i) row spacivals more significant ora curved
surfacethan on aflat plate and (i) curvature effectswvere less pronounced with double row
injection

Lutumet al.(2001) rewaled that the simultaneous effects of fsream pressure gradient and
curvature hd significant effects on the film cooling performance. Thansient Liquid Crystal
technique TLC) experiment conducted with single row coolant injectioragonvex suiace in a
converging channel with accelerating flofavorablepressure gradient) showed that there is a
slight increase of adiabatic effecthessnear the injection holes and a significant decrease of
effectiveness downstream as compared to the convdacsuinjection withouta pressure

gradient.
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Figure 2i 20. Cooling Effectiveness on Concave and Convex WaWith Different Blowing
Ratios (Ko et al, 1986
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2.3.5CFD Simulations of Film/Effusion Cooling

CFD studies on film or effusion cooling design are widely availabléhmliterature with
extensive efforts focusing on the simulation of flow injection by resolving the hole geometry and
jet mixing layers with the main flow. Most numerical digs on film coolingaimedto capture
the formation of counterotating secondary flow at the coolant hole exit and the dloss

interactions between fregream and coolant, as showrFigure2i 21.

Jet
mixing

Wake zone

Burdetet al.(2005)

M=05Ld=80

M=10,L/Id=175

Azzi and Juban (2003)

Figure 2i 21. Formation of a Counter Rotating Vorticesat Cooling Hole Exit
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The RANSbased tweequationeddy viscosityCFD turbulerce models such as the standard
and modifieck-Uandk-wturbulerce mocels, are largely uset study film and effusion cooling.
Walters and Leylek (1997) used high grid density to capture the inlet separation, reattachment
and outlet wake of coolant jet flow by including the detailed hole passage connecting the main
flow and coolant domains, as shown FKigure 2i22. Such CFD methodology has been
successfully applied in a series of studies with the use ok-lenodel and standard wall
functiors or two-layer nearwall treatmenty Walters and Leylek (2000), McGovern and Leylek

(2000), Hyams and Leylek (20Q@ndBrittingham and Leylek (2000)

Figure 2i 22. Simulations of Cooling Film Injection with a Detailed Hole Passage between

the Coolant Plenum and Main Flow Domain (Walters and Leylek, 1997)

Gustafsson and Johansson (2006) conducted a detaitadence modetomparison of the
meanflow and Reynold stresses at the coolant jet exitherealizable kOmodel, theSST kw
and theRSMturbulerce modelwere evaluated Azzi and Jurban (2003) and Bacci and Facchini
(2007) incorporated the anisotropic correction tba tensor based formulation of turbulence
stresses in the standaidU turbulerte model. These studies demonstrated a moderate
improvement in crosow prediction with the use othe more computationbl intense

turbulercemodels.
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For multiple rows of injection, the simulations were normally limited to a single line of
injection hdes or half holes with a symmetry plantor the computatioal studies to be viable.
Harringtonet al. (2001) modeled a muttiole injection with 10 rows of injection holes using the
RNG k-Umodel. They reported that a better prediction was obtained at the downstream rows
compared to the first several rows where the averaged cooling effectiveness was edidezd.
Yusopet al.(2007) modeled 10 rows of 90 degree normal hole effusiofing with the standard
k-Umodel. With the use of neconformal hybrid meshes, a low cell count of about 190yG&%
maintained. The study reported that a better agreement was obtained for the simulations with
larger hole diameter and l@ncoolant fow rate.

Ceccheriniet al. (2008) employed the anisotropic correctetdmodel to simulate 8 rows of
staggered holess shown irFigure 2i 23. With y* maintainedat a value of less than 1, the total
cell countwas 4 million. The predicted lateral averaged adiabatic effectiveness with the
anisotropic correcte#-Umodel showed improvement over the standatdmodel that under

predicted the cooling film spreading.

Figure 21 23. Smulations of Multiple Holes of Coolant Injection with Detailed Hole
Passagebetweenthe Coolant Plenum and Main Flow Domain(Ceccheriniet al, 2008)
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The aforementioned researefforts are important for the fundamentahderstandingf flow
interactiors betweerthe main flow and coolant injectignincluding theeffects of hole geometry
and holeto-hole arrangement. For the design of film/effusion cooling on pract&al
componentsturbine blade and combusion chambeliners for example simulations \th fine
enough grid density to resolve the detailed flow dynamics are computationally expensive. The
requirements for practical CFD approach have in turtriggeredthe studies ofcoarsegrid
simulations.

The applications ofoarsegrid CFD models havebeen reported for both single hole film
cooling and full-coverage effusion cooling. The principles of these models involve the
specification oluniformboundary conditions or source terms to reproduce the effects of mass and
momentum by cooling injectiondMost of these models have been developed based on the results
of detailed numerical simulations with resolved hole geometry sudtE&sor experimental
results with advanced optical measurements.

For single holecoarsegrid models, Burdetet al. (2009 developed an inldike boundary
condition that accounts for the effects of jet trajectory, jet mixing, and hole exit cootatng
vortices by placing a cross plane at the trailing edgi@€ooling hole. Slip wall boundaries
were used at the leaj edge to define the jet trajectory around the cooling hole vicinity by
blocking the main flow as illustrated Figure2i 24.

Similar to the method ofiefining a trajectory boundary in the hole vitm auf dem Kampe
and Volker(2010 employed a different principle where volumetric source terms were assigned
on the nodes of the jet trajectory volume. The model, as shoWigune 2i 25, was claimed to
resolvebetter the jet mixing witlthe main flow by $mulating the noruniform distributions of

momentum and energy frotheinjection.
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Figure 2i 24. CourseGrid CFD Simulations of Cooling Film Injection with Source Terms

on the Injection Plane (Burdet et al, 2005

Figure 2i 25. CourseGrid CFD Simulations of Cooling Film Injection with Volumetric

Source Terns on Trajectory Nodes(auf dem Kampe and Volker2010
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Thecomputation timesvere reduced usinpesecoarsegrid CFD methodologiesvith reduced
grid density to define the hole geometgnd without the coolant supply plenum in the
computational domain. For theimulation of full-coverageeffusion cooling that involves
hundreds or thousands ofcoohg hol es with much smaller | ength
geometry, such as combigst chambetiner cooling and gas turbine exhaust cooling, resolving
the holeby-hole injections even without the definition of hole geometig unrealistic. CFD
simulations usinguniform surface boundaries to reproduce the effectilbfcoverageeffusion
cooling on the main flow are thus advanced.

In the study by Voiget al. (2012, point sources were assigned on both suctionirgedtion
sides of an effusicnooled surface to model eight rows of staggered cooling holes. The model
resolved the mass sink/source and momentum source on the suction and injection surfaces, and
also resolved the conjugate heat transfer by assigning a heat sink inside the solithe/audy
showed that witha grid spacing of 0.5 times the cooling hole diameter, reasonable results were
obtained in predicting the lateral averaged cooling effectiveness. In a study to simulgbéea sim
combustor, Michekt al. (2009 employed the MitiPerforation Model by Mendez and Nicoud
(2008 to modelthe effects of effusion cooling froomulti-perforated cooling surfacesThe
simulations were conducted by constructing uniform boundary conditions with corrected mass
and momentum flux on the coondj surfaces, where the effectsrairmal and angled injection
holeswere both modeled in the study

Thesecoarsegrid CFD models were developed based on the assumption of homogenous
distributions of mass and momentum flux on the cooling surfabech essatially allowed the
representation of effusion cooling effects without resolving the discrete injections. From the
reported applications of these models, the injection flow conditions were a priori known and were
specified as inputs fo€FD simulations. The readiness to be applied for more general design

applications is thus limited.
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2.4 Implications for PresentResearch

The revew of literatureprovidestheimportantinformation forthe present study, including:
i. the designand instrumentatiomf an S-bend est modelwith diffusing passage and
effusion cooling
a. theoptimum performance ofin S-bend diffusing passageccurs withan AR of
aboutl.5
b. the use of effusion cooling holes with smaller diameters and denser distributions
for greater cooling effectiveness
c. theidentificationof two low pressure zones at thigand 29 convex surfacs for
passive effusion coolingand the possibility of fulburface cooling with a
diffusing flow passage
d. theoccurrenceof secondary flow and flow separation initiated frora #f bend
inner wall convex surfacghat propagateto the passage outlet
e. effusion holeCy in a range of about 0.7 £0.1
ii. the injected flow by effusion cooling will distort the primary flow fields and induce
backpressure penalties whexrgreater impaicis expected with higher injection from
larger cooling surface It is important to study the flow interactions of:
a. the extents of flow distortion and degradation of pressure recovery performance
with different levels of effusion injection
b. the effects ofS-bend secondary flow that could augment or suppress the flow
distortion by injectionfrom another point of viewthe effects of injected flow
that could augment or suppress the secondary flow fields
c. the effects of $end secondary flows on the jet 4dtf and dispersiorand

mixing of cooling film, and the overall cooling effectiveness
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d. the effectsof primary flow rate and inflow temperaturee. Reynolds number
and temperature ratio dependencies, on thesenteractions
iii. the enormous efforts reporteéd the CFD literature exposedthe difficulties and
limitations in modeling the effects of effusion cooling in complexbeéhd flow
passages In developing &FD methodologyfor the present needs,is important to
realize that:
a. a universalRANSturbulene model (everRSM is not availablgo captue the
detaikdanisotropic turbulence flow fields int&nd passages
b. benchmarking andensitivity studies are typically required to validateC&D
model
c. the simulation of detailed coolant injection from effushmles is not practical
d. it is more practical to model the effects of coolant injectipn using the
distributions of mass and momentum flux on cooling surfaces; the requirements
of a priori known conditions of coolant injection hgveowever,limited the

applicationsof thereportedcoarsegrid CFD modelfor passive effusion cooling
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Chapter 3

Appar atbixsparnidiheabhnal ques

The experimeral study wagperformedat thehot gas wind tunndhcility (HGWT) located off
campusoQueends Uni v eGasadatTheHGWIiisra gesearchnwjnd tunnlathas
been used for previous projedn gas turbine engine exhauststemsjncluding Chen (2008),
Magsood (2008), and Irwandi (2012)

A single geometry ®end duct was used to study the flow fields with avithout flow
diffusion, and with different levels ofpassive effusion cooling.Tests were conducted over a
range offlow parametesbased on both cold and hmimaryflows. Flow data wasacquiredfor
analysis and comparisdn CFD simulations wall statc pressureand temperaturdistributiors,
outflow velocity and temperature contour@nd effusion surface injection mass flow rate.

Performance was evaluated on the basg@dsure recovery and backpressure.

3.1 Hot GasWind Tunnel

The HGWT illustrated inFigure 3i 1 consised of a centrifugal blowera natural gas burnea,
diffusing chamber and a settling chambdihe centrifugal blowerdriven by a40-hp (30 kW)
electric motorat 3500 RPM could deliver an airflow velocity of above 100 m/sat an air flow
rate of above 2 kg/s Thenatural gas burner, ratedsd MMBTU.Hr (1600 kW) could produce
flow temperaturg of up to600 °C. The outlet section of the wind tunnel consgsof a circular
settling duct withan 8-inch (203 nm) inner diamete(ID) where test sectiongereconnected for
experimental testsThe HGWTwasthermally insulated from the settling chamber to the outlet.

Airflow rates are controlled by using obstruction orifice plates with different diameters at the
10 ¥+inch (27.3 cm) blower inlet. Three orifice plates wilametes of 5, 6, and #nch (12.7,

15.2, and 17.8 cm) were usedotataindifferentinflow conditiorsin the present study
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Operating specificationare summarized inable3i 1. A list of the major components of the

HGWTis given inAppendix A

Bloweri 30-kW Burner 20.3 cmlD
(Flow controlwith orifice plates 1600 kW Settling Ductwith S-bend
installed atnlet) / Thermal Insulation Test Section

/. O /., /

O 5 — N\

Diffuser \ Roundto-Rectangula
Chamber Settling Chamber with Transition

Thermal Insulation

Figure 3i 1. HGWT and Test Section

Table 3i 1. HGWT Operating Specifications

Temperature Air flow o

Blower
40 hp (30 kw)
aP (max)i 13,200 Pa

3500 CFM (100 rifs) 500 € 2.1 kgls 12,700 Pa
Velocity i above 100 m/s

ambient 2.6 kg/s 11,200 Pa

500 €
Natural Gas Burner - - 87 Pa (min);
(max continuous operation)
5.5 MMBTU.Hr (1600 kW) 300 Pa (max
650 € (max) ( )
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3.2 Test Section

3.2.1S-Bend Test Model Design

A test sectiorwith an S-bendpassagevasselectecovera single curvature passagecause of
the practical design interest in the present study. The reverse pressure ragitthslso
accommodatéhe implementation gbassivesffusion coolingat different locations

A rectangular crossection was selectednstead ofround or oblong because of(i) the
simplicities in manufacturing andcorporatirg effusion holes orthe curvature surfacegii) the
ea® ofrectification ofthe surface distortions due to hot flow testiagd (iii) the uniformlateral
pressure distributions on the flat surfadbat provided a better platform for the analysis of
curvature effects on effusion cooling performance.

Two types ofdiffusing passagelsased or{i) the continuousexpansiorof S-bend aregand (i)
theinstallation ofa diffuser atthe outlet ofa constant areal$end weresimulatednumericallyto
study the static pressure distributions and the pressureergcperformance. His preliminary
CFD studyis documented i\ppendixB.2. The S-bend with outlet diffusewasselectedo give
a test model with intethangeableonfigurationsi an interchangeable -Bendsectionwith and
without cooling holesand outlesectiors with differentAR

The Sbend was designed with a 4%>45°turning angle and a spacer between the two bends
to obtain a high streamline curvature without flow separatione Righ centeline offset also
preventeddirect lineof-sight of the inlet The rectangular section witan AS of 3.0 was
predefined based on an available rotmdectangular transition duct connecting to the wind

tunnel. More details othetest model desigaregiven inAppendix B
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3.2.2Final S-Bend Test Model

Figure3i 2 shows the $end test model consisting thiethree flangeconnected sections:

i. theroundto-rectangular transition secticonnecting to the wind tunnel

ii. the 45°-t0-45° S-berd section, exchangeable between two models with and without

effusion holesbasedn theASof 3.0
iii.  the outlet section exchangeable between a diffuser WRhL.5 or astraight duct with
constantrosssectionakrea(i.e. AR1.0).

The test sections were d@of16-guageSS316 stainless steel shawdtalto facilitate hot flow
testing. The geometry specifications of thbehid model are summarizedTiable3i 2 following
the symbols as given Figure3i 3.

For the ease of discussiorihe sidewall along thdirst convex surfaceo second concave
surface the side displayed inFigure 3i 2, is referredto as the left-wall, and therear side is

referredto astheright-wall.

Transition S-Bend with/without

Diffuser/Straight
\ Inlet

Outlet

Effusion Holes

2"_Convex
In Flow

Right-Wall

1°-Convex
Spacer betweer

Two Bends

Left-Wall

Figure 3i 2. S-Bend Diffuser Test Section
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Figure 3i 3. Geometry Specifications of a Generic-8end Diffuser

Table 3i 2. Geometry Specifications ofhe Rectangular SBend Diffuser Model

Height,b

Inlet width, W;

Outlet width,W,

Aspect ratioAS(b/Wy)

Area ratio, AR (W,/\Wh)

Model tal length Lo

Inlet transition length

S-bend section length

Spacer section betweéno bendsls
S-bend turning angle,
S-bendcentrelineturning radiusR
Diffuser length L

Diffuser angledy

Centrelineoffset,OS

300 mm

100 mm

100 mm(AR1.0)or 150 mm(AR 1.5)
3.0

10o0r15
Approx. 10x W,
3 xW,

3.6xW,

1xW,

45 degree

2 xW,

3 xW,

4.8 degree

1xW;

63



Some geometry irregularities of theb8nd diffuser modéhcludedsmall steps between flange
connectionsaand surface distortions due to the installations of pressurevidyosh were effects
usinghigh temperature silver solder. Distortions also occurred due toldzseeof the residual
stresses fronmot flow tests andfrom the fabrication and welding dlfie test models. Most of
these geometry imperfectionschan insignificant impact on the experimental accyradhe
most severe one was the deformation at the upper right wall ofARh2.5 diffuser. Tht
deformation was noticeable in the outflow measugnts even with stiffeners installed to restore
the outlet profile of the diffuser.Photographs showing the deformédR 1.5 diffuser and the

restored one by installing the stiffeners are giveRigure3i 4.

(a) Deformed Diffiser Outlet (b) Stiffeners Installed

Figure 3i 4. Restoration of theAR 1.5 Diffuser Outlet Geometry with Stiffeners
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3.2.3Effusion Cooling Holes

Full-coverageof discrete effusion holdsad a1 mm diameter athwerespaced4d mmlinearly
in both axial and lateral directiong small effusionhole diameter wasssentiato obtain a high
effusion cooling performancas shown in the initial desigtudyin AppendixC.1 A diameter
of 1 mm the smallesfeasiblehole sizefor manual drilling was thus selectedA hole spacing
was selected for similar reasons, where theeconcerns in drilling a hole spacing of less than
4 mm. Linear spacingnstead of staggered spacimgas adesign choice mad#r manufacturing
simplicity.

Margins of 15 mm and 52 mmvere maintained from the side edges andhbofiom edges
respetively on the Scurve surface.Full-hole coveraggaveatotal cooling surface area of 200
mm 3 384 mmwith the total effusion area rati¢A; /A;) of about 0.05i.e. 5% operdarea The
number of cooling holes, total hole arg®),(and cooling aregA;) on the convex, spacer, and
concave surfaces on thec8rve are summarized rable3i 3.

The actualaverageareaof cooling holes was about 80% of thdesignedareabased orl mm
diameterholes Sprayedblackpaintnecessaryor IR thermographyvas primarily esponsible for
the partial holeblockage The degn drawings and the inspectiaif the cooling holes are given

in AppendixC.2andC.3.

Table 3i 3. Configurations of Effusion Cooling Holes and Cooling Surface Area

Number of Cooling Hole Area,  Cooling Surface Area, Effusion Area
Holes A (mn) A, (mn) Ratio, Ay/As
Convex 1377 1081 20600 19
Spacer 1224 961 20000 21
Concave 2346 1843 36200 20
Full-Surface 4947 3885 76800 20
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3.2.4Effusion Injection Configurations on the SBend Passage

Industrial aluminum foil tapewnas used to blank the effusion holes to give a variation of
effusion cooling configurationat different locations of the -Bend passageas illustrated in
Figure 3i5. A total of 5 effusion cooling coigurationswere considered in the studyThe
geometric consistency between the twbehd sectionswith and without effusion holesvas
confirmed through supplementary tests by covering all the discrete cooling holes on the-effusion

holed Sbend test sdion.

Inflow

Injection on1*-ConvexSurface w—

Injection on2"-ConvexSurface

Injection on1% and 2° (Both) ConvexSurfaces

Injection Left-Wall Surface

Injection on Left and RightHull) Surface

Note: Top view of the ®endwith AR 1.5 diffuser.

Figure 3i 5. Configurations of Passive Effusion Injection orthe S-Bend Passage
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3.3 Instrumentation and Flow Measurements

Measurements of flow pressaignd temperatusawere acquired witla 12-bit analogto-digital
signal data acquisition syste(DAQ) as illustrated schematically ifigure 3i 6. An in-house
software written in LabVIEW was used for the data acquisitigmocessing, and control of a
two-axis travesethat was driverby stepper motors. Pressure transducers with psi ¢£6895
Pa) differential range were used for most of the measurements. A handheld digital manometer
with a waer differential pressureangeof #l -inch (£250 Pa) was used to confirthe accuracy
of low value measurementsas detailed inAppendix D.1. Both TypeK and TypeR
thermocouple$TC) were used for temperature measurements.

Figure 3i 7 shows the top view of the-I$end testsection with the instrumentation for flow
measurements. The inlet flow measurements were obtained with a manual linear traverse of
eithera 7-hole probe or a pitedtatic probe in the-Bich (203 mm) diameter settling duct. The
measuring location was abit 1.3 x diameter upstream of the test secadr =10.26 m. The
inlet of theroundto-rectangulatransitionductis referred toasx = Om.

The inflow tempeatures were measured with twgpe-K TC installedin the insulated circular
duct @bout 2 mupstream otthe reference inlet plane)Ambient tenperatures were measured
with a Type-R TC. The outlet flow measurements were obtained using theatigtraverse of
another #hole pressure probe for full velocity mappings at the test sectiort.oéti€ype-K TC

wire was attachedearthe tip of the 7hole probe for outflow temperature measurements.
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Figure 3i 7. Instrumentation for Main Flow Measurements

68



3.3.1Inflow Measurements

The inflow measurements of static pressiig)( total pressurer), inlet velocity U;,), and
inlet mass flow ratesd(,) were obtained from the linear traverseaof-hole pressure preb
These flow datavereusedas the reference parameters for the performance analysis ebdraS
flow fields. The inflow parameters &, andU;, were determined by taking the averaged values
at thecentrelineregion that was defined as 0.99x.

Calculationsof G;, were obtained from the integration of the velocity profiles from the duct
centrelineto the duct wall with the radius of 101.5 mm. Tearwall inaccessibleegionby the
pressure probes (about 20 mm) was modeli#ld a 1/7-powerlaw profile. The ifet velocity
profile, based on the measurements of thholé probe and the Iffowerlaw profile, is
illustratedin Figure3i 8.

The inflow measurements with thehdle pressure probe were compared to measurements
using the pitosstatic pressure probe and walbunted static pressure st the test section inlet.
Wall pressure taps were installed at texial locations to compare a slight difference in the
measuring position due to thitfferencein probetip lengtts, as illustated inFigure3i 9. The
study revealed that th&-hole probemeasurementsvere sensitive to theflow conditions
Misleading resultsould beobtained if theReynolds numbers based on the probeRig,| were
differentfrom calibrationand measuring conditionsince separation regiomgeredifferentatthe
tip. The details of th&@-hole probe measurements wiRls;, effects aregiven in AppendixD.5.
More reliable measurements were obtained uiagitotstatic pressure probe.

The results ofi;, were about 40 5% lower than the calculations of inlet mass flow ratg,f)
based on the uniform inlet velocity &f,. A correlation was obtained from the linear curve
fitting of the two types of flae measuremenas shown irAppendix E This correlation was used
in the parametric studies of coolant mass flow rates measureragifs instead of performing a

full linear traverse at the test section inlet.
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The mean turbence intensity Tu) was measured to be 4.28v/exler, 20B) with the Sbend
test model installed at the wind tunnel outiet, the same reference locatiga = -0.26 m)of
inflow measurementsin comparisonChen(2008) and Magsood (200&)easuredru of about
6% with LDV at a nozzle outlet;he disagreement could be attributed to tifferent

measuremeribcations The data of umeasurements of thdGWTis given inAppendix E

(Centreline)? R
20 b ‘Measurements
o 40 [ :
S
T 60 [
5
]
@80 f-romromemrmeoneoes T
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100 beocooccanmee®e -
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Figure 3i 8. Test Sectioninlet Velocity Profile

Location of Zhole Xx=-0.21m
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Figure 3i 9. Inflow MeasurementsSchematicbased onPitot-Static PressureProbe

70



3.3.20utflow Measurements

The outflow mappings from the trage of the 7hole pressure probsere usedto provide a
baselinefor the analysis of outflow velocity and temperature distortion at thend outlet based
on the different effusion injection configurationd’he measuring location was maintained at
aboutl0 mm from the exit plan.

In processing the outflow results, the boundary regions with axial velocity lower than 5 m/s
were excluded using the blankifignctionin Tecplot 36®. This wagto ensure that only the-S
duct outflow velocity componentvas inclugd in thecalculationsince the traverse area was
larger than the outlet cross sectiofhe outlet mass flow raté §,) was subsequently determined
by integration.

The measureautflow axial velocity contous andd . without and with the boundary blanking
are illustrated irFigure 3i 10. The resultsarebased on th&R 1.5 S-bendwith effusion cooling
atthe f-convex surfacei,e. along the side with flow distortiondNote the distorted flow at the
upper right cornewasdue to the imperfection of diffuser outl#tape The uniform traverse grid
of 8 mm in both directions was used for thelet traverse The calculated . is about 6% lower
with the boundary blanking as illustratedthe particular measuremernthe traverse with a finer
grid of 6 mm and the blanking criteria with a lower velocity of 1 m/s confirmed that no
significant changes were obtainedherestits.

The validity of the mass flow rate measurements was confirmed based on the mass balances

betweend;, and G, for the Sbend configuration without effusion coolingDifferences (
D% = |#,,. - M|/ H,) of less than about 5% were obtainfed both AR 1.0 andAR 1.5 non

injection S-bend passageassummarized inTable3i 4. The differences were within the result

uncertaintiesgs detailed\ppendix D).
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Axial Velocity,

u (m/s)

O ou= 1.97 kg/s (No Blanking) O oue = 1.86 kg/s (Blanking the boundan
with velocity of less than 5 m/s)

Figure 3i 10. Outflow Measurement with the 7-Hole Pressure Probe based on 8 mm Grid

Table 3i 4. Mass Balance between Inflow and Outflow for thé&on-I njection S-Bend

I(::iL )Orlflce Z(I(;Z?% Exk(;,;:)&S% @ (%)
AR 1.0 5 1.33 1.38 4

6 1.82 1.74 4

7 2.28 2.17 5
AR 1.5 5 1.39 1.40 1

6 1.85 1.90 3

7 2.33 2.40 3
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3.3.3Wall PressureTaps

Wall datic pressure(P..1) were measured with pressuaps installed along theentre section
of both the left and right surfaces of the testdelfrom the transition inlet section to the outlet
section. Additionalpressure tapsvere added at locatiaabout £ 75 mm offsetfrom the
centrelineto verify the uniformity of lateral prease distributios. These pressure taps were
installedusinghigh temperature silver soldfar facilitate hot flow tests.

Figure 3i 11 showsa photograph of the installed pressure taps ondftevall of the Sbend
surface with e cooling holes covered for thé-donvex injection configuration testing. The
locations of the installed pressure taps were measured alorgailiee xk = O m at the transition
ductinlet) with a height gauge. The details of tapping locationsdoardinates for the different

test sections are documentedhimpendix F

B
24

e ‘Yo

y -
-~

Figure 3i 11. Wall Pressure Tapping on EffusiorHoled SBend
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3.3.4Effusion Injection Mass Flow Rate

Two plenum enclosurgwere installed at the left and right side of Bend test sectiofor
coolant flow measurements as showrrigure3i 12. The coolant mass flow rates were obtained
with three methods:

i 0w T measured with plenummd blower

ii. Gpmi measured with plenum (no blower)

iii. Ocp 1 calculated based ddP andCp

Coolant air wasupplied by a Sp centrifugal blower to maintai,, = 0 Painside the plenum
to simulate passive effusion injection from atmospheric conditiopg;was measured based on
the pressure differee of an ISO orifice plate witla D:D/2 pressure tappingTheinjection flow
with the coolant plenums were alse@asuredvithout the use of the blower and orifice plate. The
injection flow rates, denoted &s,n, were obtained from pitedtatic measurements at the plenum
inlet that were calibrated to th&D/2 orifice measurements. The details of calibration procedure
and specification of thB:D/2 orifice measurement are givenApperdix G.

These measurements were compareditg calculated fromthe measured wall pressure
distributionsas shown irFigure3i 13. The convex and lefvall effusionsurfacesveredivided
into 4 and 16 segmentsspectivelyaccording to the installed locations of the presdaps. Each
of these segments consisted of the total number of discrete effusion holes based on the row of
effusion holes x51 holes per rowgpendixC.2).

The injection mass flow rate through a singftusionhole @ ,e) Wascalculatedbased orthe
pressure drop across the effusion sectitfhas shown in Equatio(8.1), anda Cp valueof 0.6
using Equation (3.2), whereP,, is the atmospheric pressure (0 P&) is the area of single
cooling hole, ang is the coolant flow densityThe results oficp were obtained bydiling the

injection flow ratedor the total segmentssing Equatior{3.3).
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DP= I::'atm - I::’Wall (31)
r:t:‘inole: AhoIeCD V 2rbpP (32)
#p = i3 Totanumberof holes (3.3)
Pplm= Right-Wall Plenum
Inflow [ (tape sealed to-8uct)
/
Ppim (Plenum | \
5-hp Variable pressure) = Left-Wall Plenum
Speed Bower
P = \
D:D/2 orifice (O yw) Pitotstatic
" @" pressure measurement
[D (CX plm)

Figure 3i 12. Measurements of Eiusion Mass Flow Rate with Coolant Plenums

q:P = Patm - |:)wall (4 segments)

P = Pam - Puan (16 segments)

Figure 3i 13. Calculations of Injection Mass Flow Rate (i cp) based onPressure Differerces
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3.3.5IR Thermography
Thermal imagegaken with anR camergThermaCAM SC1000Qwere used to obtain the wall

temperature distributiond () for the hot flow testingerformed for the stconvex and the left
wall configurdions. The accuracies of tH& temperature measurements were verified by
comparing to blackbody sourceserthe range of 25 € to 290 € AppendixD.4). The highest
discrepancies of +4 € were recorded at the highest teatper rangef thelR camera

The IR images were taken from the viewing angles as shqumatitativein Figure 3i 14. For
the configuration with the®tconvex injection, the camera was insettedughan opening of the
coolant penumwall, allowing the measurements af,, at the same time. This setup only
allowed a limited viewingegegment on the cooling surface.d&tance of about.7 m from the S
bend test sectiowas required to capture the full cooling surface onldffiiewall.  The test
sections were painted ffat blackfor the thermal imaging, givingn emissivity of about 0.95.
The wall tenperatures were obtained after ppsbcessing using the software FIBR

QuickReport.

NOT TO SCALE

Figure 3i 14. Measurements of Wall Surface Temperature witHR Camera
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3.3.6Multi -SampleMeasurements and Result Uncertainties

Multi-sample data, based arsampling rate of 900 Hayere acquired in flow measurements
(i.e. pressure measurements) t@rage out the disturbances associated with the wind tunnel and
sensors. For the inflow, wall pressure, and coolant flow measureriérdata setgX = 10)
based on 900 samples and 900 Hz sampling rate were obtained to provide a betteio mean
guantify the measurement uncertaintie$800 samplesbased on the sampling rate of 900, Hz
were acquired foevery single traverse point in tbatflow measurements.

The overall uncertainties in the flow measurements and results were determined based on the
single-sample and muksample uncertainty anabs described by Moffat (1988). The
uncertainties associated with the various sensors and transducers were first determined based on
manufacturer specifications or auxiliary test§he overall uncertainties assated with the
experimentalmeasurements (such &, and P,.) were determined by combining tisensor
uncertaintiesand the standard deviatiof& x S;) of individual measurementssing therootsum
square methodRS$, andthe uncertainties of resultsuch a<C, and, werethendetermined by
error propagations The details of the equipment calibrasamnd the uncertainy analysisare
givenin Appendix D

Averageuncertaintieof flow measurements and experimental resate summarized ihable
3i5 and Table 3i 6 respectively Note that the valueare summarized to give an overall
indicdion of experimental resultincertainties. Actual resultuncertaintieswere sensitve to
different Sbend configurations and flow parametesdetailedin Appendix D The result

uncertaintiesre includedn therelevant result sections
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Table 3i 5. Uncertainties of Flow Measurements

Instrument

Measurements

Overall Uncertainty

7-hole probeginlet)

7-hole probs (outlet)

Pitot-static probe

Thermocouple

Wall pressureapings

Total pressureR;
Static pressureé®;,
Dynamic pressurélqyn
Axial velocity, Uj,
Axial velocity, Uy
Total pressureRr
Static pressure®;,
Axial velocity, Uj,
TemperatureT

Wall Static pressure,a

+/-3to+/-6 %
+/- 6 to+/- 15 %
+/-6 %
+-3to+/-4%
+-3 %

+/-6 %

+-6 %
+-2to+/-3%
+/-1°

5 % average

High uncertainties associated
with low pressure > 200 Pa
indicated by symbol size

Note: Uncertainty depending on differerb&nd configurations.

Table 3i 6. Overall Result Uncertainties

Inlet mass flow rated i,
Outlet mass flow rate o
Coolant mass flow raté .,

Pressure CoefficienG,

+/-3.5%

+-2to+/-4%

+/-2t0+/-10%

+/-5to+/-15%

Note: Uncertainty depending on differenb8nd configurations.
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3.4 Variables and Performance Parametes

3.4.1Flow Parameters

The independent parametdrsthe studycould be categorized into the geometric and flow
parameters.The geometrial effectswere confined to single-Bend curvature with thAR 1.0 or
AR1.5passage, and with effusion injection at difiet locations based on singlenfiguration of
effusion cooling holes. Six different injection configurations, together with a romoling
configuration, were considered in the study. That gave 12 variables as summariaile 8 7.

The flow parameters could be characterized by the Reynolds number based on the diameter of
inlet duct Re), the inlet Mach numbeMa), and the temperature ratibR). The definitions of

these nordimensional parameters are givarEquatiors (3.4) to (3.6),

Uu,:D
Rey == — (34)
Maz——on__
a0, (39)
TR= 1ot (3.6)

cool

whereU;, is thecentrelineinlet velocity, D is the inlet duct diametes,is the kinematic viscosity,
and, Tyt and T are the primary flow and coolant flow temperature in unit Keh@inceMa
wasless than 0.3ampressibility effects were not considered in the stadyecision explained in
discussiorfoundin the ResultsSection

The primary mass flow rate was controlled by using three different orifices at the blower inlet
(Figure 3i1). The three ranges of inflow condition could be denoteRegdow, Rey-mid, and
Rey-high. The hot flow tests were conducted based on the inflow conditidRe,8bw andRe,-

mid only. The inflowT, of up to about 280 € and ., from the surroundings were used in the
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hot flow tests, giving a range d&fR from 1.2 up to about 2.0.The flow parameters are

summarized imable3i 8.

Table 3i 7. S-Bend Geometric Parameters with Effusion Injection

Effusion Cooling Surface S-bend Passage Variablesof Geometric
Parameters

No effusion cooling

1st convex

Left wall full-coverage x2

2nd convex (AR1.00rAR1.5

1st and 2nd convex surfaces

N N N N N DN

Left and rightwalls full-coverage

Total 12

Table 3i 8. Flow Parameters for Cold and Hot Flow Tests

Cold Flow Hot Flow
Re TR Re TR
Rey-low TR< 1.2 Rey-low TR=1.21t0 2.0
Rey-mid TR< 1.2 Rey-mid TR=1.21t02.0
Rey-high TR<1.2 - -
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3.4.2Performance Coefficients

Different dependentparametes were used to analyze the-b&nd flow fields and the
effectiveness of effusion cooling. The pressure performance and flow field unifarintiig S
bendpassage wereisliedin terms of:

i.  backpressure coefficienty)
ii.  pressure recovery coefficier@y)
iii.  wall backpressure distribution&, wai) andwall pressure change coefficie,(yan)
iv.  outflow axial velocity(u..) normalized by the corresponding maximum veluigmay)
The performance and effectiveness of effusion cooling were studied in terms of:
i.  mass ratio between the cooléit,,) to inlet mass flow rate@;,)
ii.  overall cooling effectiveness based on the wall temperadie (
iii. outflow temperaturéT,,) normalized by the corresponding maximum vallig; may)

The significanceof these parameters are summarizedable3i 9. The definitionsaregiven
in Equatiors (3.7) to (3.14), whereP,, is the inlet(x = -0.26 m) static pressur@q, is the inlet
dynamic pressurel, is the wall static pressurq, is the atmospheric pressure (0 Rg); is

the outlet axial velocityandT, is the wall surface temperature
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Table 3i 9. S-Bend PerformanceParameters with Passre Effusion Cooling

Dependent Parameter  Significance for Flow Analysis Equation
Backpressure Overall backpressure penalty; C, = Pn - Pam 37)
coefficient higher positive value = poor performance den '
Pressure recovery Overall pressure recovery performance; C = Pam = P 38)
coefficient higher positive value = good performanc P den '
Backpressure change  Comparison of inleC, and verifjing sub el = Puai = Patm 39)
coefficient atmospheric distribution witl, < 0 e Payn '
Wall pressure change ~ Comparison of pressure changes alongt ¢ = Puai = B (3.10)
coefficient flow passages pe den '
Uniformity of outflow profile;
Normalized outflow 'y of OutTiow profiie, Uout
. . propagations of secondary vortex and (3.1
axial velocity . Uoutmax
separating flow
. Entraimment of coolant by passive effusio
Mass ratio . yp % (3.12
cooling H,,
Wall cooling Overall thermal effectiveness of effusion h = Thot™ Twai (313
effectiveness cooling Y Tt Tool '
Normalized outflow Uniformity of outlet thermal profile, Tout (3.14)
temperature mixing between hot and cold flow Toutmax '
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3.5 Experimental TestMatrix

The initial 12 x 3 cold flow tests were conducted based on the 12 geometry parameters and 3
cold flow parametersAn additional 4 x3 cold flow tests were conducted for repeatability tests
and for coolant flow measurements based o\Ré&.5 Sbend. The hot flow testsjith multiple
TR were conducted based on thd&R 1.5 Sbend with the ¥-convex and lefvall cooling
configurations atRe-mid and Rey-low respectively. The details of the test matrix are

summarized imable3i 10.

Table 3i 10. Experimental Study Test Matrix

Cold Flow Cold Flow with@ ¢4 Hot Flow with & 0
Effusion (x 3Re, = 36 testass) (x 3R = 12 testase) (x minimum 6TR= 12 test casgs
Configuration = 21 0 AR 15 AR1.0 AR 15 AR 1.0 AR 15
Nortinjection v
1% Convex v v v v (Rey-mid)
2"Convex v v
Both-Convex 4 v
Left-Wall v v v v (Rey-low)
Full-Surface v
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Chapter 4

Numer Metahodol ogy

4.1 CFD Study Procedure

Numerical computations were penfieed using d.inux basedcomputer cluster consisg of 10
computers powered Hdytel Core i7processa eachwith 24 gigabytes of internal mempor The
numerical studies, involving repetitive investigations of geometric and flow parameter effects,
were exeuted in batch modes to the greatest extent usingctemmandswritten in script files.

The procedurefor the creation of computational models, grid generation and refinement, setup

and execution o€FD simulations, and pogirocessing arshown in a fbwchartin Figure4i 1.

Linux Cluster
103 Intel Core i7 PC

with 24 GB RAM
Intel Core i7
| [/ |I—
12GB Batch —]) || [c—3
: T | Comments l_> — ==
| [ | | o | | o |
A o — ANSYS 14
| =3 = ICEM CFD
Tecplot \4
360
A 2 Model of
. ANSYS 14 Computational Volumg
PostProcessing
N Fluent l
. CFD. < Grid Generation
\ Simulations
Results

Figure 4i 1. Computational ProcedureFlow Chart
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The academic version of ANSYS 14 package was used extensively for the present numerical
study. Solid mockling and meshing of the computational domain were conducted using the
ICEM CFD grid generation software (available with ANSYS 14). The turbulence flowsfidld
the Sbend passages were simulated using the ANSYS FLUENCFI package, where two
equationRANSbased turbulence models were used extensively. A-plairy flow visualization

software, Tecplot 360, was used for ppsicessing and presentation of the numerical solutions.

4.2 Numerical Schemes

The pressurbased segregated algorithm was used ®ptiesent incompressible flow problem
because steady flow behaviors were observébe algorithm hasthe benefits ofmore stable
computational as compared to {ressurebased coupled algorithm and the denbiiged solver,
wherethelattertwo solvers slve the system of equations simultaneously.

The pressurbased solverrequirad the use of staggered grids armd pressurevelocity
correction algorithm to satisfy mass conservation (continuity). SIMPLEC (SIMPLE
CONSISTENT), one of the improved SIMPLE aljoms with better convergengeerformance
was used for the current studyA detailed discussioof the staggered grid and the different
pressurebased algoriths(SIMPLE, SIMPLER, SIMPLEC and PIS@ given in Versteeg and
Malalasekerg2007).

High-orde discretization schemes were used in the numerical stadye 2 order spatial
discretizatiorschemewnas usedor the pressuréterpolation and he QUICK scheme Quadratic
Up-Wind Interpolation for Convective Kinematjcaas usedor the finite volumediscretization
of the momentum, turbulence and energy equations. QUIEK convective schemeriginally
proposed by Leonard and Mokhtadi900, calculatedthe weighted average of central and
secondorderupwind differencing schemes The methodeducel inaccuracies associated with
the numerical diffusion ofa first-order scheme, and oversa the convergence difficulty

associated with the oscillatoryature ofsecond order scheme Secondorder computational
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schemes were used throughout the numerioalilations. Table 4i 1 summarize the strength

and weaknessof the numerical schemesed

Table 4i 1. CFD Simulation Numerical Schemes

Pros Cons

Steady flow in 3D full/haHmodel

. . . Computatiomlly economi Poor convergence
Pressure based implicit formulation with P y ¢ 9

. lessproneto divergence erformance
segregated algorithm P 9 P
SIMPLEC algorithm for pressureelocity
coupling
) . High accuracy Poorconvergence
Second order pressure interpolation
performance

QUICK scheme for discretization of
momentum, energy, and turbulence equation:
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4.3 Computational Domain and Boundary

4.3.1Specification of Flow Properties

Thedifferent S-bend flow passages were modele®@D to simulate the secondditpw fields

induced by the streamline curvature and the eflogs effectscausedoy effusion injection. The

computational domasimodeled air withincompressible idéagas equationsfor the present

incompressible flow problemSpecific heatwasdefinedusing apolynomial functiondependent

on temperature Viscosity was definedusing theS u t h e rfdrnaula.dSinse convective heat

transferwasdominant, effects relating to conduction and radiation were ignored.

For hot flow experimentation, completenabustionin excess aiwas assumed whdrg the

combustionproducts have similar enough properties to (@hen, 2008) Adiabatic wall

boundaries with zero heat flux were applied throughout the simulatidin® common flow

propertiesandwall boundariesre summarized ifable4i 2.

Table 4i 2. Flow Properties and Wall Boundary forCFD Simulations

Density

Specific heat
Viscosity

Thermal Conductivity

Wall Boundary

Incompressible ideal gas

Piecewisepolynomial function of tempeture

Sut herl andds | aw as a functior
Constant

Adiabatic no-slip condition
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4.3.2Non-Injection S-Bend Model

Figure4i 2 shows the 30ull-modelfor the norrinjection S-bend test section, consisy of the
roundto-rectangular transition duct, theb®@nd section, and the outkkR 1.5 diffusersection A
procedure was developed to automate the creation of mesimgsICEMCFD. Input variables
were defined to accommodadieth outlet geometries and different grid densities.

The upstream rounsectionwith the length of1.3 3 inlet duct diametewas included in the
computational domain, where thexperimentally obtainednflow boundary conditionsvere
specified at the inlefor the CFD simulations. The wall boundaries of the model were §ipdci
as adiabatic walls with mslip conditions. Pressure outlet boundaries with zeroigga pressure
werespecifiedat the model outleb simulde the outflow to atmospheric.

Figure4i 3 shows thenortinjection S-bend model with

i.  an extended upstream inlet section to model the upstream flow development

ii.  an outlet pressure plenwmmodel the outflow diffusion.
The upstream and four side surfaces of the outletuplewere specified as pressure inlet
boundariesand the downstream outlet surface was specifiepagssure outlet boundary. This
setup has thbenefit of faster convergence byinimizing thereversed flowegions at the outlet

plenum
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Figure 4i 2. Computational Domain of the Non-I njection S-Bend

Upstream Inletlflet-260)
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Boundary
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Plane x=-0.26 m)

i Outlet -’
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\i Measurement \

X Outlet
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Pressure

Figure 4i 3. Computational Domain of the Nonrlnjection S-Bend with Inlet Length and

Outlet Plenum
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4.3.3Effusion Cooling SBend Model

Figure 4i 4 and Figure 4i 5 show the 3D halmodels for the $end with effusion injection

simulations. The effects of passive effusion inject were modeledly imposingeither.

i.  mass inlet boundary conditions (thmass injectioimodel) or

ii. 1D porous jump boundary condition (therous wallmodel)
on the cooling surface to omit tt@mulation of hole-by-hole discrete injectian Symmetry
boundaies were specified along the middle section ofréetangulaflow passagé€bottom of tle
models) An outlet pressure plenum, not illustrated for clarityas also included inboth
computational doma

For themass injectiormodel (Figure4i 4), mass flow ratesvith normal injection direction and
uniform distributionswere specified on the cooling surfaces to simulate the effects of effusion
injection. The injection mass flow rategere based on thexperiment measurements . or
0 pim)-

For theporous wallmodel Figure4i5), a 1D porous jump boundary condition was specified
on the cooling surfacesSide pressure plenumseneadded, at the respective sides of tHee8d
model according to the effion cooling configurations, to modéilet passive injections frothe
atmospheric surroundisg Pressure inlet boundaries were specified on the four sides of the
plenums. Theorous wallmodel simulats theinjection direction and distribution dhjected
flow on cooling surfaces based on the analofjypressure losses on perforated plates. The

detaikedtheory and modeling approaohthe 1D porougump boundanare given in Sectio.6.
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Figure 4i 4. Computational Model of the S-Bend with Mass Flow Inlet Boundaiies
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Figure 4i 5. Computational Model of the S-Bend with 1D PorousJump Boundaries
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Two outlet plenums with different sizes and four upstream lengths were modeled to investigate
the effects on th€FD results for the noimjection Sbendsimulation It was determined that the
model| without an upstream lengthn{et-0) and with the smadr outlet plenum fdlm-1), was
sufficient for catinuous simulations. The hatfodel for injection simulations was thus based
entirely on the boundary domain witlmlet-O and plm-1. A detailed sensitivity studwill be
presentedn Chapter 6 The models with different computational domains are summarized in

Table4i 3.

Table 4i 3. Models with Different Computational Boundary for CFD Simulations

Upstreamength(mm) Inlet-0, 130, 260, 780, 1820
Nor+Injection S-Bend
(full-mode) pIm-0: No outlet plenum
Outlet pressure plenum plm-1: 2xW,, 1.5%, 3xL

pim-2: 3xW,, 2xb, 3xL

Upstreamength(mm) Inlet-0
S-Bend with Injection
(half-model)

Outlet pressure plemu pim-1

4.3.4Inflow Boundary Condition

The inflow boundary conditions were specified based on two methods:
i.  constant inlet mass flow rate with uniform profile
ii.  velocity profile obtained fronthe experimental measureme(figure3i 8)
For the inflow specification with constant inlet mass flow rates, turbulence inésneit 3%
and 10% were usedA turbulence length scale of 0.015was specified for simulation®ased

onl =0.073 duct diamete(ANSYS® FLUENT Theory Guide)
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For the nflow boundary specification with measured velocity profiles, distributions of
turbulert kinetic energy(k) and dissipation ratd), as shown irFigure4i 6, werespecified for

CFD simulations Profiles of k andUweredeterminedising Equatios (4.1) and(4.2) (ANSYS®

FLUENT),
3 2
k=22 U, Ty) (4.1)
32
e=C kl— (4.2)
kY2
w= C,]-f;l 3 (43)

whereTu (Wexler, 201371 Appendix B is the turbulence intensity;, = 0.09is the empirical

constantandl = 0.015 mis theturbulence length scal€eThe specific dissipation rafe), defined

as in Equatiorf4.3) wasspecified for the simulations using t88T kwmodel.

0% e Do : e
s SRS e BN S S = S
o o T (I
i Y i i \ i i\
B e S = = T .
£ I v v \
] [ S T N \
= 0064 (RN N N N S ) I S S | W
@ ! Py N \
o | L\ N \
Y N \
0.08 1--------- & S S &
g i \
& R > >
0.1 b e e : ”””””””””””””” CoTTTT T YT T T TA
30 35 40 0 5 10 15 5 25 45 200 2200 4200
U (m/s) Tu (% k (M2/<?) C(m2/s3)

Figure 41 6. Inlet Velocity and TurbulenceProperties Profiles for CFD Simulations
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4.4 Meshing and Grid Generation

Structured meshes condigt of quadrilateral face elements and hexahedral volume elements
were used for the meshing of all computational models. The use of structured meshes has the
advantage of better flowo-grid alignment that yields better solution convergence efficiency and
fewernumerical errors as compared to unstructured meshes.

Structured mestgenerationin ICEM CFD involves a blocking topology where hexahedral
meshesare generated and projectezhto the model gewmetry. Figure 4i 7 shows the block
models of the simple-Bend model without the outlet pressure plenum. The block model was
split into six subvolumesaccordingto the six geometrical sections of theb&d model, as
shown inFigure4i 7 (a). The edges and points of the model curvature were associatedsia the
block mode$. The proper associatiogseatly reduced the complications in controlling the grid
alignmentand conformitywith the model geometr

An O-Grid blocking topology was created on the block model as showigime4i 7 (b). The
use of GGrid blocking provided a better geometry definition of the rosadtion and also
alloweda better control of finremeshes athe nearwall boundary layer regions.

For both of themass injectiorand porous wallmodels, additional bloekplitting procedures
were performed to define the cooling surfame the block modeto be associated with the
geometry model as shown kFigure4i 7 (c). Elaborate procedures were involvedgeanerating
grids with the porous wallmodel, whereghe block-splitting and geometry associationisthe side
pressure plenum were requiredobtain grid conformities between théb&dmain flow domain

and the coolarftow domain(side plenum
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(a) 6 splitblock sections associated with theb8nd geometryfull-mode)

(c) Block Topologywith Split Surfaces an&ide Plenum$or Injection Simulationghalf-model)

RightSide plenum

Left-Side plenum

Effusion cooling surface

Figure 4i 7. Block Model and O-Grid for Structured Grid Generation
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Nearwall boundary layer grids were refinaat coarsened bycaling the GGrid ratio to obtain
the desirechearwall grid resolutions. Theamegrid refinement procedures were used for the
models withan outlet pressure plenum and the 3D halbdels with side pressure plenums for
effusion cooling simulations. An-8end model with the structured meshing and boundary layer

gridsof the defined GGrid ratio is illustrated irFigure4i 8.

O-Grid Ratio O-Grid Ratio

Figure 4i 8. Sructured Meshes with Boundary Layer Defined by OGrid Ratio

96



Models with three different grid densities were created for theoninjection S-bend
simulations and twodifferentgrid densitiesvere created for the-8end model with injectionas
summarizd in Table4i 4.

The grid refinementsfrom coarseto mediumwere obtainedby 1.5 times increment of the
global grid densityin three directions irthe core flow region The samecell countswere
maintaine at the wall boundary lays i.e. maintaining the same grid density in thefinedO-
Grid ratio. Thesecoarseandmediumgrids were created by maintaining a properarwall first
cell dimension for the wall function simulatignsherein he scalable wall functiowas used in
the present numerical study. The valueyofinstead ofy*, was usedo confirmthe acceptable
nearwall grid resolutionfor the scalable wall functiogimulations The deta# arediscussd in
the next section.

The finest grid density(fine) was createdonly for the norinjection Sbend. The refinement
was conducted by increasing the cell count at the boundary layke ofediumgrid model to
obtainy" of less than 10 Such a grid cell distance from the wall region was requfioed
simulations resolvedo the wallboundary layer The details of the resolved boundary layer
simulation using the enhanced wall function will be discussed ifollogving section.

Great challenge arose in refining the first wall grid with< 10 for the largescale model.It
was difficult to maintaimnearwall grid cells with reasonable aspect ratichile maintaining a
grid count along the -Bend passageith feasible computation time. Thearwall grid cells
with higherASare illustrated irFigure4i 8 (c). Higher quality grids with the maximu/kSbased
on individual cell dimensiontower than 20 were obtained for botlharseand mediumgrid
models. Nonetheless, gor quality grids with maximum\S of about 160were obtained for the
fine grid madels.

Grid independent solutions were obtained with tlwarsegrid resolution for both non
injection and injection ®end simulations. Grid independece was assesseith terms of the

performance variables (SectiB) and andysisis includedin the relevant result sections.
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Table 4i 4. Grid Counts of the SBend Computational Model

Grid Inlet-0 + Inlet-0 + plm1  Inlet-130 + Inlet-130 +
Density plm-0 (baseline) pim-1 plm-2
Coarse
356,000 744,000 776,000 1,232,728
(maxAS=18)
Norrinjection Medi
SBend S Aee1m - 2,585,000 2,710,000 -
(full -model) (maxAS= 13)
Fine
- 4,575,000 5,025,000 -
(maxAS= 158)
. Left-Side Both Side
No side plenum
plenum plenurns
Coarse Inlet-0 +
P 957,000 1,033,000 1,110,000
Injection (maxAS= 11) pim-1
S-Bend
: Medium Inlet-0 +
(half-model) ! 3,505,000 3,780,000 4,055,000
(maxAS=9) plm-1
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4.5Modeling Turbulence

The performance of severalo-equationeddy viscositymodels were investigated, including
standard k-e , realizable k-e , and SSTk-w. This investigationwas made based on the
requirement of usin@FD for practical design purpose and because similar geometries evaluated
in Section2.1.2 gave preference. Modeiscorporatinganisotropic effects were not attempted
because literature and the initia#D study only reported marginal improvements.

Two types of nearwall flow modeling were available in ANSYS® FLUENT. The
conventionaktandard wall functioclwere based orthe modelby Launder andSpalding 1974),
which is valid for bridging the ful turbulent flowregionand the lowReviscous dominanhear
wall flow regionby maintaining theearwall first cell height withy", Equation(2.7), between 30
to 30Q Scalable standard wall functisemploy the same principle with the additional scaling
functionto avoid the deterioration of standard wall functiovith y’ < 11 (ANSYS® FLUENT
Theory Guidé. The definition ofy is given inEquation(4.4), wherey is the flow densityC; is
the modeling constank is the nearwall turbulence kinetic energy, is the nearwall distance,
ande is the flowdynamicviscosity.

. rCrk*?y

pe (4.9

y

Scalable wi functions wereemployed extensively in the pres&fD study. The values of/"
and y are similar under the equilibrium conditiowithout abrupt flow separations and
recirculationin theboundary layers. The comparison betwgeandy for both noninjection S
bend and injection-8end flow passagesill be discussedaterin Sectiors 6.4.1and7.2.5

The alternative nearwall flow modeling approach that was also employed based on
enhancedwall treatment ANSYS® FLUENT Theory Guidgthat required dine grid model
Enhanced wall treatmem$ based on the twtayer approach that divides the wall region into a

fully turbulent region ana viscous affected regionThe applications of this tgpof nearwall
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turbulent flowmodelingtypically require thenearwall grid cell to be refined tg” of about 1.
However the solverimplemented the blending function by Kader (1981) that allows reasonable
presentations of velocity profiles with of 3 to 10.

The turbulence models employed in tl&FD study are summarized ifable 4i5.
Convergence difficultiegarosewith the realizablek-e modelin conjunction withenhanced wall
treatment The simulations using tH8ST kwwereconducted based on thiee grid model.

The standard-e turbulence model with scalable wall functsowas used exclusively in the
numerical studydr the Sbend withpassiveeffusion injectios. Other turbulence models were
not employed because an impeovent inCFD results was not attained in the Aofection S
bend simulations (Sectidh4). It wasalso intendedo have the numerical efforfscusng onthe
effects of effusion injectiorwith the porous wall model Grid cavergencestudies were

conducted by comparing the solutions obtaifiech the coarseandmediumgrid models.

Table 4i 5. Grid Densities and Turbulence Modelsised inCFD Simulations

Turbulence Modehg Grid Model
Standardk-e+ Scalabléwall Function coarse, medium
L Redizablek-e+ ScalableVall Function coarse, medium
NortinjectionS-Bend
(full-mode) ) ]
Standardk-e+ Enhanced Wall Function fine
SST kw fine
InjectionS-Bend
J Standardk-e+ Scalable Wall Function coarse,medium

(half-model)
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4.6 Simulations of Effusion Cooling with 1D Porous Wall Model

The simulations of passive effusion cooling required the calculations of coolant mass flow rate,
injection momentum, and flow mixing. Instead of explic#pecifying a coolant injection flow
rate or resolving thousands of effusion holes in millimeter soala cooling surfacehe 1D
porous jump boundary condition available in ANSYELUENT was employed to model the
effects of passiveeffusion injection. These effects included the pressure performance, the
distortion of Sbend flow fields, and the effectivenesfgpassive effusion injection (Secti@m).
The 1D porous jump boundary condititias a momentumsink term imposedin Equation
(4.5), which governed the flow fields acrogke boundary surface based orparouswall
pressurdoss analogy.The formulation o r e s s u rPein ANSYS® FLUBNT,as shown in
Equation(4.6), consisedof:
i. friction | osses governed by th® Darcyods
ii.  momentum lossegoverned byressure lossesith a pressure jump coefficie((T,)
wherev is the injection component of velocityand} are thedynamicviscosty and density, and
oM is the wall thickness

ﬁ(f\%+£)(6/‘%:- ﬂ?+DCF)+r§;+Sink (4.5)

am 1 .4
DP =- v+C, —rv-ghMm 4.6
& 2 ¢ “9

To retain only the effect of pressure loss lbdas® a perforated plate,he effect of the
permeability termin Equation(4.6) was eliminated by using a large valueoof 1x10%°. The
effects of effusion injection and the reductions in mass flow rate were thus modeled from the

calculated momentum sirdased orC, across the porous wall.
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Theformulationof C, wasderivedas a function of the area ratio between the plate surface area
to effusion hole area®(/A;), the perforated plate coefficier€); and the wall thicknessgM as

shown inEquation(4.7). The detailed derivation is given Appendix H

C, = %%g{(A’)/Af )2' 1] (4.7)

The calculatior of effusion mass flow ratevere resolved with theC, formulation that
accouned for flow injections across the equivalent boundary Af/A. The approach was
originally proposed by Kolodzie and Van Winkel (1957) based on the argument that the discharge
coefficient of a multipleholes perforated plateC) could be related to the discharge coefficient
based on a (singleole) orifice plate Cp).

With the effusion holedrilled in thenormaldirectionto thecoolingsurface it is reasonable to
assume thahenormal componeris domnant ininjection flow. The detailed analysis based on
a 0.5 mm perforated injection by Mendez and Nic(2@D8)showed that the normal momentum
flux can be reduced to a pressure term. Tiis in turn, supported the postulation of effusion
injection smulations based on the pressure drop analogy.

Values forC were given as a function of the dimensionlpssameterof hole spacingo-
diameter ratiogd), plate thickness to hole diameter raftd4/d), and Reynolds number based on
hole diameterRe,) a shown inFigure 4i 9, that were taken fronKolodzie and Van Winkle
(1957) . The estimate@, and the relevant data are summarized a@ble 41 6. The R Of
2,000 wasselected, following the investigan by Andrews and Mkpadi (1984) who showed that
the discharge coefficient gradually increased \M#h, . andapproacheénasymptoic maximum

value at abouRe,q. of 2,000.
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Table 4i 6. Estimations of Peforated Plate Orifice Coefficient

gd 4

DMm/d 1.6

Remle 2000

C 0.83 (fromFigure4i 9)

A A 20 (100% effusion hole area);

24 (80% effusion hole area)

C, 360,000 (100% effusion hole area);
520,000 (80% effusiohole area)
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Figure 47 9. Discharge Coefficient{C) of Perforated Plateat Re,qe Of 2,000(Kolodzie and
Van Winkle, 1957)

103



4.7 ConvergenceCriteria and Computation Time

Numerical solutions were judged be converged with thesidual valuef lower than1xl 0
and withat least3 ordes magnitudeof reduction. TFs residuamonitoring included the solutions
for all of the governing equations of continuity, momentum, turbulence, and erfesgyhenon-
injection S-bend simulations residual values of as low as 1< @or all equationswere often
obtained based on the standrfidmodel with standard wall functien

Additional propertieswere monitored during the iterative procetss verify that a conwged
solution was obtainedncluding P, andd,,. Such additional solution monitors were useful for
the present simulation of internal flow with injectiorkigure 41 10 illustrats the convergence
history with the monitoring reglts for a case with the residual of continuity converged only to
1x10™. In the particular case, the solution at about the 7'06fration was taken as the
converged resukince converged results were obtained for IBpthandd . Oscillating behaior
was still observed in thé?,, and &, monitors if a solution was not converged. ofiverged
solutions weréypically achieved with the residubiss tharlxL 0.

Difficulties in obtaining a converged solution were experienced usingetiizablek-Umodel
together with the use of enhanced wall treatment for resolved boundary layers simufaiions (
grid model). Theseconvergence problems could be attributed tongrerwall grid cells withan
aspect raticof higher than @0. The second anvergence ifficulty experiencedn the study
involved the simulation®f the Sbend passagewith effusion coolingbased orthe porous wall
model using a higliC, value Finetuning of the underelaxation factorsvasonly effective to a
limited extent. The convergnce difficulties with thg@orous wallmodelarefurther discussed in

Chapter 7
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Figure 4i 10. Convergence Monitoringwith & ;, and P;,
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The approximat&umber ofcomputation hoursequiredto obtaina converged solutigrbased

on thedifferentgrid modelsin conjunction withthe different turbulence modelare summarized

in Table4i 7. For the simulations using the standard egalizabk k-eturbulence models, wall

functiors were used for thecoarseand mediumgrid models and the enhantwall treatment

(with resolved wall boundary layer simulat&nvas usedn conjunction withthefine grid model.

The simulations usin§ST kwwere caducted based on thime grid model. All computations

were performedisingparallelprocessing with} processors iasingle computer workstation.

Table 4i 7. Computation Time based on Different Grid Densies and Turbulence Models

Grid Model Standarck-e SST kw

coarse 3 hours -
Norrinjection S-bend(full-mode)

medium 6 hours -
Inlet-0 andplm-1

fine 32 hours 35 hours
Injection S-bend (half-model) coarse 2 hours -
Mass injectiorsimulatiorsi No side
plenum medium 12 hours -
Injection S-bend (lalf-model) coarse 10 hours -
Porous wallsimulations’ with left-side
plenum medium 32 hours -
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4.8 Matrix of CFD Simulations

The matrix of CFD simulationsof the Sbend fobw passagess shownin Table 4i8. The
conducted numerical studies included:

i.  sensitivity study of the computational domains with upstream inlet and outlet plenum
based on both th&R 1.0 andAR 1.5 noninjection Sbends using thetandardk-U
model and scalable wall functisn

ii.  sensitivity study of different turbulence modeling based orAfR&.5 noninjection S
berd

iii. effusion injection simulations based on ¥ 1.5 Sbend diffuser with & 1°-convex,
(b) 2"-convex, andd) both-convexsurface injectiorcooling configurationsising the

standard-Umodel and scalable wall functisn

Table 4i 8. Matrix of S-Bend PassageCFD Simulations

Cold Flow Cold Flow withé ¢oq Hot Flow with & o
Effusion (Teskd at3 Rey) (Tested a8 R&) (Tested afl Ray)
Configuration AR 1.0 AR 15 AR 1.0 AR 15 AR 1.0 AR 15
Norrinjection , & o ®
(no injection)
1%-Convex v v . v 9
2"Convex v .
Both-Convex v .|
Left-Wall v v v v
Full-Surface v

Note: +~ Performed experimental tests;
® Sensitivity test with computational domains and boundary conditions;
Non-Injection sensitivity test with turbulence modeting
% Injectionsimulationsusingthe standardk-Owith scalablewall functions
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Chapter 5

Experi ment al Resul ts

The following experimental resultare presentedf (i) norrinjection S-bend in old flow tess,

(i) S-bendwith effusion injection ircold flow tess, and (iii) S-bend with effusion cooling in hot
flow tess.

Cold flow studesfocused on théeterioration opressureecoveryand flow distortion witlthe
effect of passive effusion injectionBoth AR 1.0 andAR 1.5 Sbend were tested in the initial
cold flow study Additional cold flow tests wereconducted to measure the injection flow rate
(G o) based onthe AR 1.5 Sbend with sukatmospheric passagie Wall surface cooling
effectivenessvas measured in the hot flow study, which was conduaséetythe AR 1.5 Sbend
with 1°-convex and leftvall effusion cooling configurations.

The performd experimental tests are summarizedTable 5/ 1 and the schematics of the

different Sbend configurations are illustratedfigure5i 1.

Table 5i 1. Test Matrix of Experimental Study

Cold Flow Cold Flow with@ ¢4 Hot Flow with & 0
Effusion (Testedat3 Rey) (Testedat3 Re)
Configuration = = 1.0 AR 15 AR 1.0 AR 15 AR 1.0 AR 15
NonrInjection v
1°LConvex 4 4 v v (Re-mid)
2"Convex v v
Both-Convex +/ w4 v
Left-Wall v v v v (Rey-low)
Full-Surface 4
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Inflow Right
NortInjection —) 9
Left

1%-Convex Injection

2"Convex Injection
Both-Convex Injection

Left-Wall Injection

Full-Surface Injection

Note: Top view of the ®end withAR 1.5 diffuser.

Figure 51 1. Configurations of Passive Effusion Injection on the 8end Passage
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5.1 Cold Flow Test Parameters

Experiments were conducted/er three ranges of main flow inlet conditions using three inlet
orifice plates of 5, 6, -ihch (12.7, 15.2, and 17.8 cnfgr flow control at the blower inlet, as
previously shown irFigure3i 1. Figure5i 2 summarizedRe, (Eqn. 3.3) andMa (Eqgn. 3.4) for
the given tests.

For thecold flow tests without the operation of the burner, the main flow temperafe (
wasabout 10 € higher than ambient aif{,) due to work done by the blowe€Compressibility
effects were not considered in the stusipceMa < 0.2. Three rangesf Re,, referred toaslow,

mid, and high, were obtained for the analysis of Reynolds number effects on the flow

measurements.

500,000 -
400,000 -
300,000 -

o
200,000 -

100,000+

Orifice Obstruction at Blower Inlet (inch)

Figure 51 2. AverageRe, and Ma for Cold Flow
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5.2Cold Flow 1 S-Bend Passges with out Effusion Injection

The performancef the AR 1.0 andAR 1.5 Shend passagesithout effusion injection are
comparedn this section. Analyses wereconductedfor the wall pressure distribution, outflow

contour and overall pressure recovery faemance.

5.2.1Wall Pressure Distributions

Figure5i 3 (a) and (b) show the wall static pressure distributions plott€y jg (Eqn.3.8) and
Cowan (Eqn. 3.9) respectivelyas a function of position along the-Bend passage The results
were based on tHew inflow setting,Rey-low. The three sections of (i) inlet transition section,
(i) S-bend section, and (iii) outlet section are indicated by the drawn verticalalies 0.3 m
and x = 0.67 m. Pressuredistributions along the lefwall are represented with theollow
symbok, and the distributions along the rigliall are represented by the solid symbols.

The Cywan resultsgavea direct measurement of the backpressurelpgmnahere adistribution
at the model inlet(= 0) with a valueof less thareerowasdesirable for diffusex For theAR1.0
S-bend passage,tdgh backpressure penalyith the inletC, of 0.5was measured, as compared
to the G, of slightly lower thanzero for theAR 1.5 Sbend. A pressure recovery effect due to
flow redistributions was measured at i@ 1.0 straight outlet section. This effect was followed
by the pressure drapith C, .. = O at the outlet.

The Gy, o resultswere usefulfor idertifying the subatmospheric pressuregions(Cpwai < 0)
along the Send passage for passive effusion injectidhe detaiked pressure changalong the
two S-bend passagewere however,better illustrated with theC, . distributionsshown in
Figure5i 3 (b). The pessure loss in theR 1.0 passageasdepictedby the outletC, .1 < 0, and
the effective pressure recovery in thR 1.5 passage wemepictedby the increasing, wai > 0
along the diffuser sectidiowards the outlet

Slight changs between the tw-bendpassages wemneasuredat the two convex surfaces

Nonethelessthe similar C, i distributions withalternatingpressure gradients from thé& iend
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to the 2" bend, induced by the opposite curvasneere measuredor both passages. Stronger
pressuregradientswere measured at thevo convex surfacesvith low-pressure distributics)
comparing tothe high-pressure zones witmoderate pressure gradierat the two concave
surfaces The distributiorwastheresult ofthe shorter flow passagalong the convex walls, and
the longer flow passag@long the concave wall The observations were agreementvith the
S-bend flow dynamics reported in the literature.

Figure5i 4 shows he results ofC, .1 based on three differeRe,. Pressure measurements at
the six locationswith added pressure taps away from thduSt centrelineare highlighted with
the dotteckllipses The similarity in measurements confedanacceptable unifonity in lateral
pressure distributions

TheRg, effects were evident for th@R 1.5 Sbendwith perceptibledifferences inC, i at the
two convex surfacegsshownin Figure5i 4 (b). The same effect was not observed inAlfel.0
S-bend as shown ifrigure 5i 4 (a). The Re, effects could be related to thissimilarity in
boundary layer thickness at the high velocity regioiibe Rg, effect was insignificant on the

overall pressure recovery as illitd with the consiste, .. distributions at the outlet.
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5.2.20utflow Contours

Figure5i 5 shows the normalized axial velocity contours anglanevelocity vectors at the S
bend outlet. The velocity contours are normalized by the maximum value of theelsizty
(Uourmaxy) SUMMarized inTable 5i 2. The results ardased onthe Re-mid flow setting. An
acceptablsimilarity was obtained witthe normalizedoutlet flowfields based on the thréus,.

In Figure5i 5 (a), thedistribution of high axial velocity was measured across most of the outlet
region with the core flow being diverted to the righall of the AR 1.0 straight outlet The
propagation of secondary countetating vortices from the*lbend was measured at the two
corners along the lefvall. Such vortigty distributions were attributed to the rectangular section
with high AS of 3.0 where the streamwise vortices were suppressed and diverted by the
redistributions of main flow in the coregion

In Figure5i 5 (b), the diffusion flow fields, without a perceptible streamwise flow circulation
were observedt theAR 1.5 Shend diffuser outletSimilar to theAR 1.0 passage, a high velocity
core was diverted towasdthe rightwall by the 2% bend curvature. Greater boundary layer
growths were measured with the diffusing flow and propagationof separating flowwas
observed based on thetfow results. The propagatiosf secondary counteptating vortices,
comhned with the corner flow distortiongre evidencedn the two lower velocity zones at the
corners along the leftall. Note that the offymmetry velocity contour was due to the
imperfection ofthe AR 1.5diffuser geometrghown inFigure3i 4 and described in Sectid2.2
theslightly bent outlet profile at the top right corner.

Figure 51 6 shows the ifplane vorticityto illustrate betterthe secondary flow at the-t&nd
outlet. Two pairs of corner countestating vortices werebservedalong the lefiwall of bothAR
1.0 andAR 1.5 Sbend passagesithout adistinguishable flow circulatiombservedat the core
region. The vorticity plotgonfirmedthe distributions of seamwise secondary flow that were

confined to theeft-wall cornersas observed in the velocity contours.
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Figure 515. Normalized Outlet Axial Velocity of the Non-injection S-Bend
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Figure 51 6. Vorticity at the Outlet Plane of the Non-injection S-Bend
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Table 5i 2. Maximum Outflow Axial Velocity of the Non-Injection S-Bend

Re, x10° Uoutmax £3% [M/g]
AR1.0 24 45.1
Straight Outlet
31 59.6
40 732
AR1.5 25 36.5
Diffuser Outlet
31 47.3
4.0 59.9

5.2.3PressureRecoveryPerformance

Figure 51 7 shows the results of pressuecoveryperformanceplottedin C, (Eqn.3.7) as a
function ofRe,. Theeffective pressure recoveries for tAR 1.5 Shendpassagareindicated by
the positivevalue compared to the negative value measuimdthe AR 1.0 S-bend passage.
Pressure recoveries of abdub x Py, were obtained with th&R 1.5 Shendpassage Pressure
losses otlose to 25 x Py, were measurefbr theAR1.0 Sbendpassage

Measurementfom the 7hole probe T-hole) and thepitot-static probe [§-s) are comparedn
Figure5i 7. Better consisterydn C, (p-s) wasobtairedfor theAR 1.5 Sbend diffuserevidenced
by a slight increase i, with higherRe,. An unexpectedrend of lowerC, with higherRe, was
illustrated in the measuremerftem the 7#hole probe C, (p-) results for theAR 1.0 Sbend
were also more urofm results as a function Bfg,.

The Re, effecton the 7-hole probewasevident in the comparison. The analysis based on an
inflow measurement using differenthble probe data reduction coefficients calibrated at
different tip Reynolds number&é;,) suggested thamatchingRe;, betweenthe calibration and
measuremerftow conditionswasnecessaryo obtain a reliable measuremeiitetails of tle Re;,

effectsusing the7-hole probe ardocumentedn AppendixD.5.
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Inflow measurementfrom the #hole pressure and pitstatic pressure probare summarized
in Table5i 3 andTable5i 4 respectively. The result uncertainties are included in the tables, based

on the uncertaintgnalysis as documentedAppendix D

0.3 orerememrmeese e

0.2 - é i, Y= = ===

...............

0T
c =Pum- Fn ---®-++ AR 1.5 (7-hole)

P Pd yn 0 T T
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T B

ElR----- B----= | - 8 -AR1.0(p-s
0.4 4---------reeenns - .@;;,—,—_—.—.;.—rrru--l'—‘—’—‘m ———————————————— (p-s)

105 oo
220,000 320,000 420,000

Re,

Figure 51 7. C, of the Non-Injection S-Bend
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Table 5i 3. Non-Injection S-Bend Inflow Data from the 7-Hole PressureProbe

Re x10° Uin [/ P:[Pd Pin [P o
AR1.0 24 38.2+1% 1140£1.1%  306+1.2% -0.3622%
Straight Outlet 31 50.2+1% 2009£1.1%  580+1.2% -0.41+2%
40 63.5+1% 3236x1.1%  907+1.2% -0.39+2%
AR1.5 25 40.3+3% 72616% -184+21%  0.20+18%
Diffuser Outlet 31 51.9+3% 1257+6% -251+21%  0.17+18%
40 65.6+3% 2050£6% -360+21%  0.15+18%

Note: Excessive uncertaintyueto the measurements lofv-pressure as detailed Appendix D

Table 5i 4. Non-Injection S-Bend Inflow Data from the Pitot-Static Pressure Probe

Re, x10° Ui, [m/g] Pr[Pd Pi [P4 o
AR1.0 2.5 39.1+15%  1192+2.3%  323+15%  -0.36% 15%
Straight Outlet | 52.2+15%  2133+2.3% 577+15%  -0.36%15%
4.2 64.7+15%  3293+2.3%  891+15%  -0.36%15%
AR5 26 40.3+2% 746+3% -172+3% 0.18+5%
Diffuser Outlet 35 49.8+2% 1341+3% -275+ 3% 0.19+5%
35 54.4+2% 2175+3% -332+3% 0.19+5%
4.4 69.4+2% 1130+3% -549+3% 0.20+5%




5.3Cold Flow T S-Bend Passagewith Effusion Injection

Effects of passive effusion injectiaat the different surfaceon theAR 1.0 andAR 1.5 S-bend
passageare analyzed in this section.Schematics of the five effusion configurations were
previously shown irFigure5i 1. Effects onC, . are studied based on both-Bend passage
Detailed éfects on wall pressure alterais are analyzed with theC, . distributions based on
the AR 1.5 Shend passageEffects on outflow distortion are then analyzed. isTéection is
concluded with a summary of the overall pressure recove@ for all effusion configurations

based orboth Sbhend passages.

5.3.1Cywan Of the AR 1.0 andAR 1.5 SBend with Effusion Injection

Figure 5i 8 shows the C, . distributions from different configurations.A backpressure
penalty was evidentwith full-surface effusion injeain with thehigh inlet Cy . Of 0.65 as
compared to the value of 0.5 based on theinmction Sbend as illustrated ifigure 5i 8 (a).
With the smaller cooling surfagebased on the *iconvex, 9% convex and leftvall injecton
configurations, slightly lower inlet, .., of about 0.6 were measurexs shown irFigure5i 8 (b).
Full-surface injection was not achieved with the-tuliface and leftvall effusion configurations
as indicated by, w1 > O along the Send passage.

Pressure recovery effects with continuous increasg, pf > O were measured at ttgtraight
outlet section as highlighted by the dotted remircles Outflow with better uniformity was
obtained with fiow redistributionsalong the straighoutletductandled to the pressure recovery
effects. An expectedC, a1 Of zeroat the outleivas not measured for the passages with effusion
injection Thissuggested theontinuoudlow redistributionsat this location.Additional pressure
measurementswith pressure taps nearer to thebéhd outlet would probably measure the
decrease of, i Closerto zero The installation of pressure taps waswever restricted by the

stiffeners at the duct outlet.

120



(a) NonrInjection, i
. . 05F
Full-Injection -
P i
Comar =52 OF === -=---
den i
o5k
= — —a— — NorrInjection  (left)
I [ — (right)
| — —O— - Full-Injection  (left)
1 i e (right)
B L 1 1 1 1 )
1'50 0.2 04 0.6 0.8 1
x(m)
1 —
(b) 1°-Convex ;
051
Left-Wall, -
2"Convex P |
Cowan = r-——>"=-=--+
den i
05|
| _ g _ 1%convex (left)
[ I (right)
[ ~ 4 Leftwall (left)
-1 i A (right)
i — —0— - 2"convex (left)
L —— (right)
_ ] ] ] ] ]
155 02 04 06 038 1
x(m)
|
Right Wall
———)
In Flow
Left Wall
e
0 0.2 0.4 0.6 0.8 1
x (m)

Figure 51 8. C, a1 Of the AR 1.0 SBend with Effusion Injection
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Chwan distributionsof the AR 1.5 Sbend are illustrated iRigure5i 9. A total deterioration of
pressure recovery with fulurface injection was evident figure5i 9 (a). The inletCy . Of 0.7
was slightly higher tAn theAR 1.0 Sbend with fullinjection. This could be explained by the
greater injection flowst the 9% bend concave surface Wi o < 0 as compared tthe AR 1.0
S-bend passageith Cywai > 0as shown irFigure5i 8 (a).

Theinlet C, results of lower than 0.5 were obtained for &R1.5 Sbend with the ¥-convex,
2"-convex, and lefwvall injection configurations, as shown Figure5i 9 (b). A lower C, than
the AR 1.0 Sbend also showed th#te downstream outlet diffuser éfective in reducing the
backpressure associated with effusion injecti®he distributions oy . < 0 along the injection
surface confirmed that fullurface passive injection was obtained with theviefi injection
configuration. For the same effusion configuratiomgth the AR 1.0 Sbend passagethe
distributionsof C, a1 > O revealed that ejection instead of injectimerurredat the left-wall
surface

In studyingthe performancéetweerthe different injed¢ion configurations, lower backpressure
penalties were obtained with th&donvex and lefwvall configurationsas compared tthe 2%
convex configuration. Thewerinlet C, was obtainedven with the largeinjection surfaceof
the leftwall injection configuration. The observation suggested that thbe®d flow field at
different regions has a great effect on the injected fldWis is further analyzeaonsideringhe
alterations of wall pressure distributions@p,..; for the different effusiorconfigurationsin the

AR 1.5 Sbend.
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5.3.2C, wan Of the AR 1.5 SBend with Effusion Injection

Figure 51 10 shows C, i distributions forthe AR 1.5 Sbend with 1*convex and leftvall
injection, i.e. the configurations with moderateckpressure penaltiedzigure 5i 11 shows the
configurationswith 2"-convex, botkconvex and fullsurface injectioni.e. those wereassociated
with high pressure deterioratianResultsfrom threeRe, areincluded for the angsis.

The C,wan With the effusion injection atthe f-concavesurface are compared to the non
injection Sbenddistributions indicated by the dotted profile iRigure 51 10 (b). Theleft wall
pressuregradient at the first el wasmore gradual with thinjection flow. Curvatureeffects
were diminished by the passive injection and the distributions at the second bend were shifted to a
lower magnitude. This in turn lowered tli,. at the diffuser inle(at x = 0.75 m)from the
value of about0.2 t0-0.4 andreduced theverall pressure recovergasevidencedy the lower
Cowan Value at the diffuser outlet.

With the increase of effusion surface based on thewlglit injection configuration, the
pressure gradients alonige leftwall were further flattengdas shown irFigure5i 10 (c). The
existence of curvature effeovas observed only at the onsettoé 1° bend convex surface. The
lower C, wan distribution at the diffuser inlet furtherdaced thetotal pressure recovery effects,
whencompared to the configuration withe 1°-convex surface injection.

For the 2°convex injectionconfiguration shown inFigure5i 11 (a), the decrease in pressure
gradients was coirfed to the rightvall, without significant alterations o, . at the leftwall.
The substantial deterioration in pressure recovery can be related to the verg,law
distributions in the diffuser, wheegelow C, i value of about0.8 was measted (atx = 0.75 m)
as compared to abotil.2 for the configuration with no effusion injection.

The combined effects with the effusion injection at tflednvex and the"®-convex surface
are illustrated irFigure5i 11 (b). The alteration ofC, .1 along the lefwall was similar to the
configuration with the %kconvex injection. The combined effects have further lowere@hg,

distributions in the outlet diffusecompared taesults fromthe 2°-convex injection. A similar
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effectwas observed for the configuration with falirface passive effusion injectianith further
reduction ofC, i along the outlet diffusefFigure5i 11 (c) shows the lowest diffuser inl€, yai
of about-1.4from dl the tested configurations.

Co.wan distributions revealed that the low totd), obtained with the configurations witH%
convex bothconvex and fultsurface injection were associated with very 0oV, ya
distributions at the diffuser inlet. Disetnuous C, . profiles, with an abrupt change at the
junction between the-Bend outlet and diffuser inletvere measured for these configurations.
These observationsmplied that aflow separationwasinduced by effusion injection at thé®2
convexsufaceof the AR1.5S-bend passage.

Different configurations were observed to have different responses tdriletFigure 5i 10
(b) and (c)show similar distributions for thé*-convex and lefvall configurations whereas
Figure5i 11 (a)-(c) showC, deviations in the P-convex, botkrconvex, and fuksurface injection
configurations. Lower C, o distributions were measured with higlee, at the diffuser outlet.
Theseeffects were most distinguishelfor the fullsurface configuratigrshown inFigure5i 11
(c). This effect could be associated with the dissimilarity of flow separation induced by effusion

injection at the 2ndonvex surface.
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5.3.30utflow Contours of the AR 1.0 andAR 1.5 SBend Passagesvith Effusion Injection

Effusion flows were injected through tregfusionsurfacewith 2/3 heightwise coverage along
the middle section ahe S-bend sidewajlwith equal margins maintained at the top and bottom
edgesas illustrated ifrigure5i 12. The propgations of the flow field distortions induced by the
injected flow were measured at theb&d outlet to study the effects of different effusion

configurations based on bo#fR 1.0 andAR 1.5 Sbend passages.

Effusion holes covering 2/3 of
the cooling surface (both sides

2"_Convex

In Flow
Right-Wall

1%LConvex

Left-wall 7-hole probe

Figure 51 12. Measurements ofOutflow Contours for the SBendwith Effusion Injection

5.3.3.10utflow Velocity Contous of theAR1.0 SBend

Figure 5i 13 shows the outlet axial velocity contours normalizedubymax (Table 515 and
Table5i 6), and the irplane velocity vectors for th&R 1.0 andAR 1.5 Sbend passages.

With the effusion injection othe FLconvex and leftvall surfaceof the AR 1.0 Shend the
propag#éions of the injected flow were measured with a-Melocity zoneat the midsection
along the leftwall. The secondary flow fields in theld&nd were augmented by the injected
flows, resulting in a stronger flow circulation with a direction from the tefrightwall, as

indicated by the velocity vectors.
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A distinctive interaction was measured wih injected flow on the 2%-convex surface. The
injectionin an opposing direction to the secondary flswppressed the circulating flow motion
and divertedthe velocity core to the lefvall. This effect waslemonstrated byhe two low
velocity zonegneasuredt the top and bottom corners along the-leétll, as shown in the top of
Figure5i 13 (d).

Highly distorted outflow were obseed for the bothconvex and fullsuiface configurationsas
shown in top row ofigure 5i 13 (e) and (f) Theinjected flows from both sides of the cooling
surface havaplit outflow contoursvith two high velocity zones distrilbed at the top and bottom
regions. Stronger flow circulations were also measured with the effects of injected flow from the
1°-convex and leftvall surfaces The obsered outflows with deficient uniformitagree with

the higher backpressure penaltiesasured for these configurations.

5.3.3.20utflow Velocity Contous of theAR 1.5 SBend

The effusion effects were amplified at the outflawth the AR 1.5 diffusing passage as shown
in the bottom row irFigure 5 13. For the i-convex ad the left-wall injection configurations,
the slightly distorted outflow contoutmveevolved into highly distorted flow fields. Large lew
velocity zons were measured in the mgkction of the diffuser outlet that split the core flow into
a horseshoehape. Strong counteotating vortex pairs occupying the entire section augmented
by the effusion injection were also observed. The greater outflow distortion based on-the left
wall injection configuration corresponded to the higher injection with tigetacooling surface.

A large lowvelocity region on the rightvall that occupied almost half of the outlet section was
measured with the"2convex injection configuration as shownRigure5i 13(d). The reduction
in the effedve diffusing area was demonstrated by the high axial velocity concentrated on the
left sde of the diffuser outlet. Thisutflow distortion greatly hindered the pressure recovery

performanceand wagesponsibldor the delayed flow rattachment at theffuser inlet A large
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separation regiomvas induced by the injected flow at the region of adverse pressure gradient
corresponahg to theabrupt change iwall pressure distributiongbservedn Figure5i 11.

With the effusioninjection on both left and right surfaces, the resultant effects induced a
greater outflow distortiothat split the core flow into two high velocity regions along the-left

wall, as shown in the bottom row Bigure 5i 13 (e) and ).

5.3.3.30utflow Vorticity Contour of théAR 1.5 SBend

Flow circulations are further studied with the outflow vorticity as showhigure5i 14. The
strong counterotating vortex pairsmeasured with the®lconvex and leftvall configurations,
corresponddto the largdlow circulationregiors observed in the velocity cont@irThe weaker
vortex pair that spreadnearer tothe leftwall was observedin the leftwall injection
configurations as shown inFigure 5i 14 (b). Flow circulation wasreduced by thenhigher
injectionflow from the leftwall surface

An apparentirculation flow was not observed in the velocity contours of te@vex and
both-convex configurations. Thdlow fields were more evenly ditributed with flow
redistributionsfrom the leftwall to rightwall, corresponihg to the smaller vortex pairs in the
core region aighlightedby the dotted red lings Figure5i 14 (c) and (d). The injection from
the 2% conwex surface with opposite directiariearly suppressed the-I$end circulating flowy
resuling in the distributions ofvorticity pairs at the top and bottom These vortex pairs are
highlighted by the longlashed red lineis Figure5i 14 (c).

The resultant effects were observedhwthe bothconvex injection configuratignwhich
corresponded to the vorticity distributions of both tRednvex and #-convex injections The
size of thevortex pais at the core region wagsducedby the circulation in opposite directioas

shown inFigure5i 14 (d).
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Figure 51 13. Normalized Outlet Axial Velocity Contours of the Nonlnjection and Effusion Injection SBend Passages
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