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ABSTRACT

Validation ofa CFD Approach for Gas Turbine Internal Cooling Passage Heatf€rans
Prediction

Daniel Wilde

GE Power & Water, has directed the enclosed
internal convective turbine cooling. This report was prepared as an account of work sponsored by
an agency of the United States GovernmBbleither the United States Government nor any

agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatygroduct, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarituteomstmply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agenogahe

Thisreport describes the development and application of a validated Computational Fluid
Dynamics (CFD) modelling approach for internal cooling passagesaiting turbomachinenA

CFD Modelling approach and accompanying assumptions are tunedlatated against
academically available experimental results for various serpentine passages. Criteria of the CFD
modelling approach selected for investigation into advanced internal cooling flows include
accuracy, robustness, industry familiarity, and patational cost.

Experimental data from NASA HOST (HOt Section Technology), Texas A&M, and University of
Manchester tests are compared to RANS CFD results generated using Fluent v14.5 in order to
benchmark a CFD modelling approach.

Capability of variousurbulence models in the representatiocadling physics is evahted
against experimental data. Model sensitivity to boundary condiindsnesh densitg also
evaluated

The development of a validated computational mofl@iternal turbine cooling @nnelswith
bounded erroallows for theidentification ofparticular shortcomings dfeat transfecorrelations
andprovides a baseline for future CFD based exploration of internal turbine cooling concepts

r
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1.1

INTRODUCTION

This research effort is undertakermptmvide practices and information which are useful in

a practical sense for future cooling passage engineering effagsnal cooling of gas
turbine rdors allows for increased firing temperatures which ultimately allowfoeased
power output of a given systerithe understanding and prediction of turbine cooling
performance translates to improvements to efficiearay capacityn power generation. A
validated CFD approach for modelling the physics involved provides a valuable tool for

the advancement of this understanding.

Turbine Cooling and Serpentine Passages

In order to achieve high efficiency, modern turbine rotors are subjected to very high
temperatures. The Brayton cycle, which represents a simplified gas turbine process,
indicates that thepower output of a gas turbine system increases as the firing temperature
at the inlet to the turbine increases. This means that it is valuable to operaigbgees at

very high temperatures.

In order to keep the metal temperature of the turbine blades within operational the range of
the blade material, many measures are talkéhren the primary gaspath surrounding the
blade is above the allowable metal fmrature, the blade temperature can be kept within
acceptable limits by removing heat from the metal and insulating the blade from the hot
environment. A common means for removal of heat from the turbine blade is to flow a
small percentage of cool compresdleed air through internal passages hollowed out
within the blade. Often, these passages snake up and down within the bladdéiefpre

exhausted nt o t he hot gaspath, I ending the name

An illustrative xample of a serpentine pagge from the NASA HOST documentatidj [

is provided inFigurel.
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TURBULENCE
PROMOTERS

PIN FINS
I/

/ ‘
-
|

:

COOLING
AlIR

Figure 1. Example of internal cooling geometry of a turbine blade [2

In addition to allowing increased combustion temperature and poutput, use of
compressor bleed air to cool turbine blades reduces the amount of inlet flow which is
involved in power generation. Any flow that is bled from the compressor reduces the
efficiency of the engine, so it is key to use as little compressatt bieas possible in order

to cool the turbine.

Note that other limiting factors exist which prevent arbitrarily higmdjriemperatures in
gas turbinessuch as the generation of nitrous oxide when burning hyrdrocasditons
excessive or uneven temperasyrieut are not the focus of this document. This research is

focused entirely on the performance and behavior of serpentine passages in blade cooling.

Scope of Analysis

The scope of this project and report is to evaldléecapabilities of mainstream CFD

methods for heat transfer prediction inside rotating serpentine passages and develop best



practices for internal passage modeliggmulation is tuned and benchmarked against
publically available experimental data to understand the capabilities and shogsarh
various CFD modelling approaches. This knowledge is accumulated across a wide range
of operating points from various experimental programs. The majority of experimental data
used comes from the NASA HOSHot Section Technologyjrogram of the 198J2,3].

The HOST program includes experimentation across a wide range of operating parameters
including Reynolds number, Rotation number, turbulator configuratiassageotation

angle, and densityatio. Additional experiments from Texas A&[M] and tle University

of Mancheste[4] are used to expand model validatioradditionaldata points

Observations made through comparison to the itetset of experimental data arged
to build a modelling approactvhich is well understood in terms of acccyaand
robustnessModel performance is considered in termsaoturacy, computational time,
ease of implementation, and industry familiarity downselect a CFD simulation

approach.

The resultant data set is used to explore computational model behadithie impact of

various modelling decisions on accuracy.



2.1

PHYSICAL PHENOMENA O F INTERNAL COOLING

This section outlines the physics associated with internal passage flow in rotating
turbomachinery. Interplay betweeatuct flow, rotation, flow turning throug passage
bends, and buoyancy result in a very complex flble sectionntroduces simple passage

flow then addresses each of the additional physical phenomena present in a rotating cooling

passage

Flow through a rectangular passage

Flow througha statimary square or rectangular duct has been shown by NikufZ{lise
develop secondary flows in tpassageorners. The development of these secondary flows
is purely a function of anisotropic turbulence stress. The ability of CFD to predict this
behavior § determined by the turbulence model selected. Most 2 equation RANS
turbulencemodelsk-U ,-x )k t reat turbul ence stress as
to predict the presence of corner secondary flows. It is well known that linear eddy
viscosity models do not capture the anisotropic that is respongtjere 2 compares

secondary flows predicted by various turbulence models in a square duct



Figure 2. Secondary flows in a straight, square dudi9] [8]

LEVM refers to a linear eddyiscosity model. NLEVM refers to a nonlinear eddy
viscosity model.RSM refers to theReynoldsstress model which models turbulence
anisotropically. DNS refers to directumerical simulation of the full NavieStokes

equations.

The level of impact these flow structures have on the heat transfer within rotating cooling
passages is difficult to assess. Their presence would likely attribute to enhanced heat
transfer near the corners due to higher local shear. More samifimpacts could be
observed when these secondary flows interplay with those due to curvature and rotation,
but would be very difficult to isolateThe magnitude of bend turning, Coriolis, and
buoyancy driven secondary flows is expected to dominate ttueser vortices, but the

interplay between them could have interesting and highly coegfledts



2.2 Effects of Passage Curvature

Research intohe effect of curvature on flow goes back nearly 150 years to the study of
rivers. James Thoson [1] is typically given credit with forming the third theories
regarding this phenomenon. His paper describes the phenomenon suahwizder moves
around a river bend, a helical secondary current is set up in the flow. While significant
work is still being done to undgiand these geological hydrodynamic process, the early

wor k of river scientists formed the foundat

2.2.1 Dean Vortices

The early work of Deaf2] [3] was paramount in understand the secondary flows through
curved pipesTo understand this, he started by writing the Na$irkes equations in
toroidal form. By assuming the radius ratiavas small, he was able to linearize the
eqguations using the characteristic length values. While an approximation, it does capture

all first-order effects. The final Dean Equations become

I 'd) (1)

v T . o 2
0 - Y ‘M6 (2

! Radius ratio is the ratio of pipe radius to curvature radius



Where C is the curvature ratio. The key result from the Dean equations is that the flow is
very neary simple twoedimensional NavieStokes, but with an additional body fojce

acting towards the inside of the bend.

Figure 3. Steady, NonRotating Square Channel CFD Showing Dean Vorticesj€ft) view looking

radially in ward; (right) isometric showing projected vectors and secondary flows

2.2.2 Gortler Vortices

Goartler vortices preserdadditional potential flow instability due to curvature. When the
boundary layer thickness is comparable to the radius of curvature of a \wadlssure
gradient exists across the boundary layer. This pressure variation causes centrifugal
instability and subsequent formation obi@er vortices. The onset of the instability can be

predicted by the nedimensional number called théfer numberwhich is defined as
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0 — = (3)

Wheredis the momentum thickness. Typically instability occurs when G > 0.3.

Physical Effects of Rotation

The effects of rotation are clear otugbine cooling passagdowever, orrelation of these
impacts is typically complex and not very robdgte issue is not only the complexity, but
the differencen flow interactioneach individual wall experiences. The inertial forces of
rotation will create highrepressure on thpressure sidevall and lower pressure on the
suction sidewvall on outflowing passages, and higher pressure on the suction side wall for
inflowing legs This differential pressure along with the apparent Coriolis force shitiwe

along the sidewalls frorthe trailing wall to the leading walthen flow is moving away

from the axis of rotationThis creates a highly destabilized boundary layer on the high
pressure wallagainst which the secondary flow imping€onversely, the leading wall

has a dampenethsar layer, which is much more stable. The pressure difference drives the
fluid core towards the high pressure, destabilized vldle general behavior for an

outflowing straight passage is illustratedHigure4.
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DIRECTION
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(LOW PRESSURE SIDE-LEADING)

Figure 4. Effects of rotation in a straight square passage [2]

When flow is moving toward the axis of rotation, the Cori&ifect has the opposite
impact. Flow at a higher radius in a passage has a greater tangential velocity than flow at a
lower radius. As air is moved from the higher radius to the lower one, it carries with it
excess tangential velocity relative to the walls of the passage. This results in a motion of
the bulk flow toward the leadinmterior wall. To compensate for thidhere is a flow

created along the sidewalls from the leading wall to the trailing.
It is evidentwhy a single, unified correlation for this flow is rare, if unachievable.

Physical Effects of Buoyancy

Density \ariationscreate significant body forcés the presence of high rotational speed,
which impact flow behavior. High rotational speeds drive denser, colder fluid toward the
outer radius, pulling hotter flujadelatively,toward the axis of rotatioffror situations such

as turbine cooling where the waktmperature is higher than the bulk temperature,
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buoyancy drives warmer, neaall flow toward the inner radius. In outflowing passages
this results in a buoyancy force opposite the bulk flow direction, while in inflowing legs,

the buoyancy force drivesear wall flow in the direction of bulk flow.

On outflowing legs, Coriolis enhances shear and heat transfer on the tragimgressure,
wall. This creates density variation, with denser air near the lealdiwgpressurewall.
The existing secondarydilv due to rotation interacts with the body forces due density

variation, impacting the passage flow field and wall heat transfer.

When density variations across the passage cross section interact with turbulators,
especidly turbulators orthogonal to thifv direction, the variation in buoyancy force can

drive secondary flows that would not otherwesest [3 p7§.

Buoyancytends to enhance pressure side vaat transfer. On outflowing legs, this
complements Coriolis behavior, enhancing the total haaster augmentation on the high
pressure wall. On inflowing legs, this behavior acts opposite Coriolis, which enhances
shear on the leading walften the phenomena cancel eather out on inflowing rotating

passages.

Non Dimensional Parameters of inteest

When developing an understanding of fluid phenomena and their impacts, it is useful to
specify the parameters that define the system in terms of normalizedjmensional
parameters. Non dimensional parameters typically represent the ratio ofigsiavtiich
are known to drive certain behavior. Correlations developeedimoansionallycancover

a wide range of operating ptsnand system sizes.

Buckingham Pi theorem and the concept of dynamic similitude demonstrate the power of

nontdimensional paraeters A dimensional analysis performed prior to the NASA HOST

10
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[2] [3] experimentation indicated that the physics of cooling flow in rotating

turbomachinery can be expressed in terms of the followingdimansional parameters.

- Density Ratio: _— for constant pressure ideal gas

-Rotation number —_—

- BuoyancyParameter — — — 00Q¢ i XX0asEsIz —

- Reynolds Number E—

Notice thathese parameters quantify the magnitude and impact of the physical phenomena

described in this section, relative to each other.

Summary of rotating passage physics

Many of the physical phe@mena described in this section are difficult to predict and
understand on their own. In rotating turbomachinery, these impacts and others interact in
ways that are extremely difficult to predaralytically Additionally, it is very difficult to

isolate the effects from one another using experimental data, which only provides
information forwhich instrumentation is in place to extraumerical models such as

CFD present a unique opportunity to capture each of these phenomena and their interaction
without making assumptions aside from those inherent to the computational. fbdel
behavior of the fluid, as governed by the computational model used, can be interrogated
freely for any and all features of the flow modelled, at any location or region within t
simulation domain A CFD model validated against experiment which captures these
physical interactions is invaluable in the creation of updated correlations. Increased
understanding of the flowfield and the ability to simulate flow behavior outsideutige

of experimental data are key objectives for the CFD model which is to be developed.

11



3. MODEL VALIDATION

The first phasef the present effort consistd developing a CFD model of academic internal
cooling applications and validating against experimatdta. Primary characteristics of the model
which need to be validated are mesh type, megiutasn, Turbulence model, and treatmeit

unsteadiness in model.

3.1 Experimental data Selection

The NASA HOST(Hot Section Technology) [12] test suite repres&nthe most comprehensive

publically available data set for rotating internal passafjes.project was undertaken in the late
198006s to investigate fAheat transfer character
blades from that period. Sensitivof passage heat transfer to Reynolds Number, Rotation
Number,Density Ratig and Turbulator configuration were studied experimentdlhe extent

and availability of the HOST experimental data has led to its use in the generation of correlations

and geeral understanding of serpentine cooling passage physics throughout the gas turbine

industry.

One issue encountered when validating CFD against the HOST data is that the bend geometry is
not explicitly describedh available literature. grams and photwaphsare digitized to extract

the geometry used in the CFD model described herein.

Additional experimental dats included in the validation to improve confidence and filter out
any uncertaintiesxelusive to the HOST experiment, includiagriations beveen the bend

geometry used in the current modet theexperimental bend geometry.

JeChin Han of Texas A&M5] has published several papers regarding heat transfer within
serpentine passages. One set of J.C. Han experimental data was includedlidati@wvahase

of the current effort due to complete documentation of test article geometry, and more modern
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instrumentation. Experimental data for wall heat transfer is collected at a higher resolution than in

the HOST program, and the geometry is fulscribed in the documentation.

Hectorlacovidesof the University oManchestehas also conducted experimental research into

heat transfer within rotating passages. Experimental rg¢dlildse included in this validation

because the experiment includiegiid crystal imaging, providing experimental contours of heat

transfer, which can be validated againstiD.2Some uncertainties in the test setup and-post

processing have arisen which will be discussed later.

3.1.1 HOST Experiment Background

The HOST test aitle consist®f a duct with 4 legs and 3 bends. The side view of the passage is

illustrated inFigure5.
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The geometry is made up of a square cross section, 4 pasJ de walls of the duct are split

into plates which are labelled by letter in the image above. Heat transfer data is extracted from the
experiment by performing an energy balance to solve for the heat transferredh thactigplate.

Bulk temperatureandmaterial properties are calculataslan averagre ach pl at eds st r e
wise location to account for heat Ugrror associated with the energy balance for plate heat flux

cited by the HOST documentatif@] is +2% for the ¥leg, +4% for the ®'leg, aml +7% for the

final heated leg. This error is primarily due to compounding error in the calculation of bulk

temperature along the passage.

3.1.1.1 Data Analysis Procedure

The HOST published data is presented in terms of Nusselt number. The integrated heatiginx thr

each plate is converted to a heat transfer coefficient by the following calculation.

WhereTrsm is defined as the average of the bulk fluid temperature and wall temperature.

TheHTC can then be normalized as a Nusselt number based on the hydraulic diameter and fluid

thermal conductivity.

In many cases, the Nusselt number is further normalized, as NulMhere Nuw: represents the
expected Nusselt number focarresponding fully developed turbulent dudtins is calculated

basedon the DittusBoelter equation.
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06 TBIqYPOI®

The HOST dataises the Colburn equation insteadittus-Boelter, assuming a constant Prandtl

numberequal t00.72
) T8t p X YF

This research uses the HOST calculation forMinen comparing to HOST data, and Dittus

Boelter when comparing to other data sets.

The bulk temperature used in calculation of H¥&C is an important factor. The NASHOST
program calculated the bulk fluid temperatateach station along the serpentine passage by
integrating heat addition through all plates and using fluid Cp to calculate a temperature

difference from the previous station.

CFD allows the direct péigrocessing of local bulk temperature, rather than using an estimation
based on heat addition. When valithg the CFD model againdiOST data, the HOST
methodology for updating bulk temperature was applied to the CFD rdaulkstemperature is

updated tieach station along the HOST test passage according to

([et]

1o

Wherei is an index which represents th@rrent regionassociated with a set of heated plates in
the experimental rigThe indexj increases in thergamwise direction. Qepresents the

integrated heat flux through all heated plates at a given indexed.region

Inlet temperature is prescribed, so the temperature throughout the passage is calculated by
marching the above equation along the flow directMarching the fluid temperature represents

a low-order, one sided discretization of the differential equation for conservation of thermal
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energy. In the presence of sharp gradients, this approach could lead to appreciable numerical
error. For that reasoihe result has been comparegiast arithmetic mean, and logean

temperature differences to ensure minimal error, well below 1%.

Polynomial representation of air properties in terms of temperature is used toaipdaa@dk
at each station. Pressullata is interrogated from the CFD results and used in combination with

bulk temperature to calculate local density based on the ideal gas equation of state.

0 "'Y'Y

Note that Re# and Pr# vary from station to station based on changatenal prop#ies.
Density, for example, is directly coupled to flow velocity through the continuity equation in a

closed passage at steady state.

"0 WEET OWNE O
The Nusselt number ratio, Nu/Nwcan be thought of as the ratio of heat transfer observibe in
experiment to the heat transfer that would be observed in a smooth straight tube. For example, if a
straight turbulated duct exhibits a NuiNaof 2, this means that the presence of turbulators has
doubled the heat transfer through the duct wallgiveldo a smooth passagehe data available

from the HOST documentation is primarily in terms of Nusselt number ratio foroédoh

lettered stations ifigure5 for each of the 4 walls of the passage, independently.

3.1.1.2 HOST Passge Geometry

QUEST was unable to find any explicit documentaf@mrsome aspects tie HOST test article
geometry. Specifically, the bend inner radius and tip radius within the bend were not documented.
Digitizing images of the test article and referriogpther CFD studies that validated against

HOST (Sleiti), led to the tip geometrghownin Figure®6.
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Figure 6. Bend Dimensions

The inner radius of the bends is 1.25 Dh. The outer radius of the behdsatners is 1 Dh. The
minimum passage height, halfway through the bemdjigl to the hydraulic diameter of the
straight sectionsThe comparison of this geometry to an image from HOST documentation is

shown inFigure?.

=

|

Figure 7. Host documentation of geometnyf2] (black) overlaid with QUEST model (red)
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The geometry generated for this analysis is overlaid in red over an illustration from HOST

Volume2 [3].

3D CAD of the HOST passageaw generated and is illustratedHigure8.

Smooth

fiStraigho turbulators fiSkewed turbulators

Figure 8. HOST passage geometry with various turbulator configurations

On the right in figure 6, theon turbulated walls are color coded by region. The nomenclature

used in this report refers to the orange surf a
are referred to as the Ainner o sidewtermmal Any b
in the CFD and HOST experiment, including the inner radius of each bend. The turbulated walls

are referred t ditrailingoendivals. \WHerethecpassageds raating, the leading

endwall is the wall visible ifrigure8, whichleads the rotation, corresponding to the suction side

of a turbine blade cooling passage.

18














































































































































































































































































