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ABSTRACT m Mass flow rate
Modern gas turbine blade is internally cooled tointzan its me Mass flow rate-leading leading most passage
temperature at safe level. Prediction of mass fliistribution in me ]
cooling passage of the turbine blade helps in ptiedj turbine e Mass flow rate-leading supply passage
blade temperature during the design stage. Incilnigent paper, mer Mass flow rate —serpentine passage end hole
commercial software FLUENT 6.2 is used to prediesmflow mm Mass flow rate-serpentine tip
distribution in the gas turbine blade cooling passa(like leading m Mass flow rate-trailing edge passage tip
edge passage, serpentine passage, trailing edgageadateral Mass flow rate-trailing edge passage lateral ejacti
ejection, tip and film cooling holes) with standdee and RNG m e Mass flow rate-leading edge passage film cooling
k-¢ turbulence models. Model suitable to solve sucbblem "o
requires huge computational resources. Althouglsgmiemodel Total mass flow rate
are not suitable for the problem considered but glp to get %, P . ¢ total . ina to ai "
approximate results and will also indicate capgpitif CFD. o Pg:gzztggz giﬁgrgn?eaisnsprzvé’igﬁ’é?]gofrg;\’sinfwg“
Results are compared with experimental resultsulResowed Qﬁpm Percentage difference in predicted and measuragysup

good agreement of predicted mass flow distributiaith
experimental results. RNG &model shows slight improvement
in prediction of the supply pressure over other taadels.

pressure taking measured pressure as reference.

1.0INTRODUCTION

KEY WORDS. Gas turbine blade cooling, CFD, flow

distribution Modern gas turbine blades are cooled internally ettdrnally to
ensure longer life of the turbine blade. Figurehtves a typical
cooled turbine blade. Cross section of the bladesists of three

NOMENCLATURE distinct passages viz., a) Leading edge coolansgugs having
d Hydraulic diameter of passage Poltt)esl for |mp|ngertnent|_(|:(ooll_rt1)g, b)dmldd_ll_e §I¢rpenpaesage W!IE
da Diameter of tip hole urbulence promoters like ribs an c) ‘railing eqbgzessgge wi
ds Diameter of serpentine passage end hole pin fins and lateral ejection holes. Leading edasspge is always
dh Hydraulic diameter of passage provided with film cooling holes. In some cooledadis,
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serpentine and trailing edge passages also hawe ddoling
holes. Film cooling holes are provided to protelce thlade
thermally by extracting heat as coolant passesigirdioles and
by forming a protective layer of relatively coldr ain external
surface. Optimum design of the cooling system megui
knowledge of external heat load to the blade arat transfer
coefficient distribution in internal passages. Witkhis
information, temperature distribution in the bladman be
estimated. The passage heat transfer coefficieritirn, depends
on mass flowing through the passage.

Experimental studies on flow distribution in gagbine blade
are reported by Borse and Date [2,3]. Numericatlyston flow
distribution without  pin-fins, ribs and film canf holes is
reported by Borse [4] and numerical study on flostribution
with pin-fins and, without ribs and film cooling les is reported
by Borse [5]. Numerical study with ribs and pinsfirs reported
by Borse [6]. This current paper takes into accquesence of
film cooling holes in leading edge passage witls @nd pin-fins
in serpentine and trailing edge passages resphbctive the best
of author's knowledge, no such numerical study dowf
distribution with film cooling holes is reported ithe open
literature.

Design of cooled gas turbine the blade changes foom
manufacturer to the other. Information on exactatisions of a
modern cooled turbine is scanty. The availablerimfion from
the literature is shown in Table 1. Han et al.iMe dimensions
of blade tip holes. This information clearly indies that the tip
hole at the end of the serpentine passage is bthgarother tip
holes. The tip holes are meant for cooling thedipa of the
blade. Compared to the leading- and the trailingeepassages,
the serpentine passage with two 18ends is most tortuous and
therefore it is necessary to have relative biggehole for this
passage to achieve reasonable flow rate througlpssage.

Several turbulence numerical models are used wiqirguid
flow and heat transfer in gas turbine blade. Haal §t] describes
numerical modeling related to turbine blade coalif@r internal
fluid flow and heat transfer generallyekk-o and their variants,
and RSM (Reynolds Stresses Modeling) are used. KD and
DNS approach are used to study effects of turbrdain pressure
drop and heat transfer in ribbed passage.

Suitable models, RSM and low Rexker low Re ke models
requires huge computation efforts. In this curtody, standard
k-¢, and RNG ke models are used with wall function, which do
not demand huge computation resources. Thesentumedels
will not map all secondary flows and anisotropyurbulence but
will help to get approximate estimates of flow dkstition and
supply pressure.
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Figure 1: Schematic of a Modern Cooled Gas TurBiaee [1]

Table 1: Typical aircraft turbine blade cooling paeters for
serpentine passage (Hwang et al [7])

Parameter Values

Coolant passage hydraulic diameter, mm ~4

Coolant passage length, r 48-70

Rib height to diameter of passage ratio, e/dh 0.05

Pitch to height ratio of ribs, P/e 7-13

Mean coolant velocity (m/ 34.5-68

Flow Reynolds number, Re 20,000-40,000

2.0EXPERIMENTAL SET-UP

Figure 2 shows details of the experimental seffine. test section
is a scaled up (approximate 5 times) simplifiedlaolodel of the
turbine blade. Air to the test section is supplfedm 10 hp
blower through a flow control valve, a diffuser aadsettling
chamber. The test section, whose internal crossosearea is
much smaller than that of the settling chambeedsdirectly from
the settling chamber to simulate sudden contractiondition
prevailing in the plenum of the gas turbine bladlmlike the real
blade, the test section is symmetric. It is madspiit form, from
two Perspex slabs (see Figure 3). On these slassapes are
milled in such way that half portion of the passéigs in lower
slab and the other half in the upper slab. These dlabs are
bolted together by means of allen screws. Neopnehiger gasket
(Imm thick) is used to prevent leakage from ahijog surfaces.
The chord and the span of the test section aren®?®3and 475
mm respectively. Square cross section (25mm X 25 mrused
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for the serpentine passage and for the leading edgsage.
Trapezoidal cross section is used for trailing edgssage. Ribs
and pin-fins are provided as shown in Figure 3 asgages. No
film cooling holes are provided in current setugmBnsional

details of test section are shown in Table 2.

The tip of the test section is having detachalgepltates. Tip
plate used for current study is described in T&énd Figure 3.
Diameter of tip holes dA is same for all tip hokescept in the
serpentine passage where the end hole dB is hilggerdA, as in
areal gas turbine blade.

Settling Pive leadi y Tip plate
! chamber tpe ladin 10 Trailing edge .
Orificemeter venturimeter lateral ejection Pipes leading
! 1
lower Flow control holes header \oenlunmelers
valve est section . . . .
Diffusgr Tip Figure 4: Sectional view of the test section.
header
T Flows from different holes are collected in sixfelient headers.
I l The positions of headers are shown by capitalriett€&ollowing
six flows are collected,
Support LL- tip holes of leading most passage of the legdidge passage
) ) i receiving impinging jet from impingent holes.
Figure 2: Schematic of the set-up. LS-tip holes of supply passage of the leading edgsage.
" SE-serpentine passage end hole.
fig%h & ST-serpentine passage tip holes.
g Pe TT-trailing edge passage tip holes.
Sl leg - N
&30 Jing TL- trailing edge passage lateral ejection holes.
hﬁle:“mn\ Yo FL- film cooling holes of leading edge

3.0NUMERICAL APPROACH AND PROCEDURE

L‘%S;m The computational fluid dynamics code selected dives this
" problem is FLUENT version 6.2. Pre-processor of ENT
Tiy 4 called GAMBIT is used for development of the congtiainal
g geometry and subsequently 3D grid. Figure 5 shows
computational domain. Figure 6 through Figure 7 wsho
'gu“gf@» . computational grid.
SOy hg? Zg tqr ; ;
"y Sug S5 Ql.,ﬁge 3.1 Computational Grid o S
Sleg Fi, Computational domain as shown in Figure 5 is coingjf three
passages with staggered ribs, pin-fins, tip holegingement
holes and lateral ejection holes (not labeled). fdsm grid,
except in holes is made up of tetrahedral elemégsnber of
elements in computational domain are 8, 34,008. Waktions
are used to avoid fine grid at the wall.

. Se S
% Sopt
<

>,

Figure 3: The test section.

Table 2: Dimension details of test section

Parameter Value| Passap
e

Hydraulic diameter of leading edge 25
passage, mm, [SQUARE]

Diameter of film cooling holes, m 2

Diameter of impingement hole, n 5 Leadin
Number of film cooling holes X row of | 13X4 | 9

film holes edge
Spacing of film cooling holes, mm 20 | Passagsg
Spacing of impingement holes, r 20
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Hydraulic diameter of passage, mm, | 25

[SQUARE]

Angle of ribs to flow direction, de 45

Pitch of ribs P, mm 25

Pitch to height ratio of ribs, F 1C

Rib height e, mm 2.5 | Serpent
Rib height to hydraulic diameter ratio, | 0.1 ine

elcy

Thickness of divider wall of passage, | 12.5 passage
mm

Hydraulic diameter of trailing edge 27.76

passage, mm, [TRAPEZOIDA

Diameter of trailing edge ejection holef,3.125

mm Trailin
Diameter of pin in trailing edge passage6 g

mm Edge
Length to diameter ratio for trailing edge7

ejection holes, mi passage
Number of trailing edge lateral ejection] 37X1

holes X row of hole

Spacing of lateral ejection holes, mm 7.5

Pitch to diameter ratio of pi 2.5

Table 3: Dimensional details of tip plates

Tip Diameter | Diameter  of| ryg da/dg
plate of tip | serpentine
No. hole, d, | passage end
mm hole, (g, mm
1 4.0 14.0 0.56| 0.29

Grid is selected in such way that average y+ fdf b@unded
cell is greater than 5 (beyond laminar sublayemgces wall
function cease to be valid in the viscous layerreHealues of
average wall cells y+ existing her are ranging frti?i76 to 16.55.
Figure 6 to Figure 7 shows grid used for currembgotation.

3.2 Turbulence Model

The standard k-model is applied. Scheme of discretization for
governing equation is finite volume approach. Witis approach,
the Reynolds-averaged Navier-Stokes equations aleeds
numerically along with transport equation for thebulent kinetic
energy and dissipation rate. For near wall treatratemdard wall
functions proposed by Launder and Spalding [8]used. Flow
here is assumed to be steady and incompressilojgefies of the
fluid, air is assumed to be constant. Since in tdse air is
behaving as incompressible, continuity is satisfisthg a semi-
implicit method for pressure linked equations, edilas SIMPLE
procedure is employed. Equations are solved intjyliassuming
steady flow. Convective scheme used is first ordpwind
scheme.

3.3 Solution Convergence

Each iteration is done implicitly. The convergenoé the
computational solution is determined based on dcedsiduals
for governing equations, and many predicted vaembrhe total
residual for a given variable is based on the imhe in an
equation for conservation of that variable summeatr oall
computational cells. The convergence criterion §at all

variables was I The solution is considered to be converged
when all of the scaled residuals are less thanqaeleto these
default settings.

3.4 Computation procedure

Initially problem is solved considering laminar lofor few
iterations (70) with different exit pressures asistxg in
experimental set up are applied. After that flowtrieated as
turbulent flow and inlet values of k and are specified
considering 5% turbulence intensity and hydrauliandbter at
inlet.

40 RESULTSAND DISCUSSION

Here two inlet mass flow rate are considered. Tdbile Table 6
shows comparison for given case between numerical a
experimental values. Percentage difference in predi and
measured supply pressureAp) is evaluated based on measured
value. Difference in prediction of major mass floates found to
be of range 2.59 % to 8.5%. Experimental data asiny
maximum uncertainty of +4%, uncertainty is largar amaller
mass flow rate measurements than large mass flow ra
measurements. For smaller mass flow rates errprediction is
0.85% to 20.4% this may be because of larger umiogyt
associated. Thus prediction of mass flow rate asgeably good
with these ke models. It predicts higher pressure at inlet.
Prediction of pressure at inlet is having differencf range
57.0 % to 64 % with respect to experimental datzeré is no
appreciable change in prediction with variant of kiodels on
mass flow distribution and inlet pressure. RN@ &hows better
results. Prediction of inlet pressure is poor, assaropy in
turbulence occurring due to secondary flows existian’t be
mapped properly and existing y+ is relatively lod2(76 to
16.55) than recommended (~30).

Figure 8 shows pressure contour for at the symnmaénye. It
shows that little passage pressure drop takes placailing edge
as compared to pressure drop in leading edge passabribbed
serpentine passage respectively. Figure 9 shogespre contour
in plane perpendicular to y-axis at distance y 5mfh from inlet.
In this plane different pressures are observedurBid0 shows
velocity contours at symmetry. It shows passagbdsugvelocity
in serpentine passage. In first and second bendsegfentine
passage shows pockets of low velocity at cornectedrly shows
thicker boundary layer at left side and thinner ridary layer at
right side on upstream of the bend. Figure 11 shesesor plot
for velocity at symmetry plane. It shows interegtfeature that at
symmetry, velocity vectors are pointing oppositeritass. This
because, inclined ribs forms cross-stream secorfitamy Flow
moves along rib near wall, at symmetry it will be épposite
direction as shown in Figure 12. Figure 13 showeoity vectors
in first bend in a plane perpendicular to y axisd of serpentine
passage) at distance y =455 mm from inlet. Thiarégclearly
shows two vortices at right ride (exit of bend).hefe two
vortices are not symmetrical about camber planewsiy effect
of presence of ribs on secondary flows createddmgdbFigure 15
shows velocity contour for leading edge passageyatmetry.
This figure clearly shows impingement. It also oates jet
deflection is reduced in leading edge passage dusxés film
cooling holes in the same plane to that of axismgfingement jet
as compared case without film cooling holes.
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Table 4: Comparison between numerical and expetahessults forlMot = 0.02426 kg/s

Exit location . : : . : Pexity P
%Mot | % Mot % Mot °S/° A(T " % é"ll (boundary condition)
(Expt.) Stand. ke | RNG k< tand. RNG ke
LL 3.51 3.58 3.58 -1.99 -1.99 -377.64
LS 4.49 4.45 4.45 0.89 0.89 -345.27
SE 25.39 26.78 26.45 -5.47 -4.17 -195.18
ST 4.95 5.96 5.94 -20.40 -20 -160.84
TL 35.57 34.65 34.65 2.59 2.59 0
TT 5.97 6.19 6.15 -3.69 -3.02 -126.51
FL 20.12 18.39 18.80 8.59 6.56 -515.96
Table 5: Comparison between numerical and expetahegsults formtot =0.01851 kg/s
Exit location . . . 0 . 0 . Pexit P2
% Mot %Mot | % Mot o Am 6 Am (boundary condition)
(Expt.) Stand. ke | RNG k< Stand. ke RNG ke
LL 3.55 3.58 3.58 -0.85 -0.85 -225.63
LS 4.53 4.45 4.45 1.77 1.77 -211.9
SE 25.23 26.87 26.53 -6.50 -5.15 -117.72
ST 5.0C 5.98 5.94 -19 -18.€ -89.2i
TL 35.60 34.54 34.56 2.98 2.92 0
1T 5.91 6.1€ 6.12 -4.2: -3.7¢2 -66.71
FL 20.18 18.44 18.80 8.62 6.84 -317.85
Table 6: Comparison between numerical and expetaheriet pressures
Inlet mass flow | pin, Pin» Pin, % Ap % Ap
rate Pa Pa Pa Stand. ke RNG k<
Expt. Stand RNG.
0.02426 1037.94| 1697.56 1631.18 -63.55 -57.16
0.01851 602.33 995 956.4 -65.19 -58.78
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Figure 8: Static pressure contours at symmetryeplan
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Figure 9: Static pressure contour in plane permenal to y axis

at y=455mm from inlet.
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Figure 10: Velocity contours at symmetry plane.
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Figure 11: Veéto'r pltot at symmetry plane.
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Flow direction
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Fig. 12: Secondary flows in ribbed passage [1]
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Figure 13: Vector plot in first bend in a plane garndicular to
limb of serpentine at distance of 455mm from tHetin
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Figure 14: Bend induced secondary flows with smqmiksage
(9]
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Figure 15: Velocity contours at symmetry planeéading edge
passage.

Figure 2: Stern hull designs for podded propulsgstem.

5.0 CONCLUSION

It shows capability of k- models with standard wall function to
predict flow distribution. It shows good agreeméartmass flow
prediction. The supply pressure prediction is pddrere is no
appreciable change in prediction with Standard RN&G variant
of k-e models on mass flow distribution. RNGelgives closer
agreement of supply pressure to experimental dé¢égondary
flows existing due to inclined ribs and due to bene observed.
Secondary flows due to bends are affected by pcesefribs.

In future prediction with low Reynolds number versiof ke
and RSM (Reynolds Stresses Modeling) can be doimpoove
pressure prediction.
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