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ABSTRACT

Through the advancement of gas turbine cooling technologies, gas turbine engines
remain one of the most reliable technologies in the aviation and power generation
industries. The combined cycle efficiency of a power generation gas turbine is expected to
reach 65% by the year of 2020. The internal and external cooling designs of gas turbine
components play an essential role in achieving this goal.

In the first part, experimental investigations were conducted on a five-blade linear
rotor cascade platform with upstream purge flow, slashface leakage flow, and discrete film
cooling using both cylindrical and fan-shaped holes. Detailed film cooling effectiveness
distributions were obtained using the pressure sensitive paint (PSP) technique. Parametric
studies on the coolant to mainstream mass flow ratio (0.5% - 1%), blowing ratio (0.5 - 1.5),
density ratio (1 — 2), or the purge flow swirl ratio (0.6 and 1) were performed. The area-
averaged film cooling effectiveness values of the two film hole geometries are compared
and discussed. In general, the design with the fan-shaped cooling holes provides better film
effectiveness and coverage at higher blowing, density, and momentum flux ratios.

In the second part, heat transfer and pressure measurements were performed in a
two-pass rectangular channel with varying aspect ratios: AR = 4:1 in the first pass and AR
= 2:1 in the second pass after a 180 deg converging tip turn. In addition to the smooth-wall
case, surfaces roughened with 60 deg angled ribs and 45 deg angled ribs with three different
rib coverages were investigated. Regionally averaged heat transfer measurement method
was used to obtain the heat transfer coefficients on all surfaces within the flow passages.

The Reynolds number ranges from 10,000 to 70,000 in the first passage, and the rotational
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speed ranges from 0 to 400 rpm. Under a pressurized condition, the highest rotation number
achieved was Ro = 0.39 in the first passage and 0.16 in the second passage. The results
showed that both heat transfer and pressure coefficients are sensitive to the geometrical
and rib design of the channel. More importantly, significant heat transfer reduction was

identified on the tip wall under rotation.
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NOMENCLATURE

A Surface area

AR Channel aspect ratio

C Gas concentration by volume

Cax Axial chord length of the blade

GCp Coolant specific heat capacity

D Diameter of the film cooling hole

Dn Channel hydraulic diameter

DR Coolant to mainstream density ratio = pe/pe
e Rib height

h or HTC Heat transfer coefficient

HT Heat transfer

I Emission intensity of PSP; Momentum flux ratio = DR*(vc/Veo)?
k Thermal conductivity of coolant

K Pressure loss coefficient = 2AP/pUy?

L Length of the cooling hole

LS Leading surface

M Blowing ratio = pcve/peove

m Mass flow rate

MFR Coolant to mainstream mass flow ratio (%)
n Streamwise region (n =1 to 12)

Nu Nusselt number
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Nuo
P
Pr

Qiloss

Qiloss, no-flow
Qnet

R

Re

Ro

SR

TS

x1

x2

Greek Letters
o

)

Reference Nusselt number (Dittus-Boelter correlation)
Pressure; Pitch of the cooling holes or rib turbulators
Prandtl number

Heat loss

Heat loss under no-flow (calibration) condition

Net heat input to the fluid

Resistance of the heater

Reynolds number = pUsDn/p

Rotation number = QDn/Up

Swirl ratio = coolant circumferential velocity / blade tangential
velocity

Temperature

Trailing surface

Internal flow velocity

Molecular weight

Velocity of external flow or coolant

Voltage across the heater

Axial distance

Radial distance from the inlet in passage 1

Radial distance from the tip wall in passage 2

Rib angle to the streamwise direction

Scaling factor for heat loss estimation
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T Dynamic viscosity of the coolant

n Film cooling effectiveness

P Fluid density

Q Rotational speed

Subscripts

00 Mainstream property

air Property with air injection

area ave Area-averaged value

ave Average value

b Bulk property

blk Black or dark condition

c Coolant

energy Property obtained by energy balance method
fg Property with foreign gas injection
inlet Property at the inlet

inter Interpolated property

outlet Property at the outlet

r Rotating condition

ref Reference condition

s Stationary condition

W Wall

viil



TABLE OF CONTENTS

Page
ABSTRACT ...ttt ettt ettt ettt et at e bt et e eate bt et e eaeenbeenees il
ACKNOWLEDGEMENTS .....ooiiieieet ettt sttt nse e s v
CONTRIBUTORS AND FUNDING SOURCES .......coiiiiiiiieieeieeeeceeeie e v
NOMENCLATURE ...ttt ettt sb e nae s e naeenee e vi
TABLE OF CONTENTS ..ottt st et ix
LIST OF FIGURES ..ottt ettt st s sse e eneensaenseeneens xii
LIST OF TABLES ... .ottt sttt sttt sae e XVi
1. INTRODUCTION ....oooiiiiiieiieieeieite ettt ettt ae s e teeaessaesseeseessesseeseensesseensens 1
2. TURBINE BLADE PLATFORM FILM COOLING WITH SIMULATED
SWIRL PURGE FLOW AND SLASHFACE LEAKAGE CONDITIONS................ 4
2.1 LItErature SUIVEY ....oeviviieiiiieeiii ettt ettt et e et e et e e stee e s e e snbeeennseeens 4
2.1.1 Fundamental STUI€S.........cccueiiiiiiiiiieeieeee et 4
2.1.2 Upstream Purge FIOW .......cccooiiiiiiiiiiiiieeeeeeee e 5
2.1.3 Rotation Induced Swirl Effects.......c.cccccuiieiiiiiiiiieieeceeeeeeeeeeee e 6
2.1.4 Slashface Leakage FIOW.........cccooiiiiiiiiiiiiecieeecee et 8
2.1.5 Studies with Combined Effects.......c..cccvieiiiiiiiiecieecie e 8
2.2 ODBJECLIVES tuvveeiiieiieeieesiie et eeiteeieestteeteesteebeesaseesbeessaeesseessseesseessseensaessseenseensses 10
23 Experimental Setup and Design..........cooveriiriiiiiiiininiiinieeceeceeeseeeee 10
2.3.1 Five-blade Linear Cascade..........ccocerriirieiiieiieniesieeiecieeee e 10
2.3.2  Simulated Purge FIOW DeSin ......ccccocueviiiiiriiiniiiinienieeecseceeese e 14
2.3.3 Platform Film Cooling Desi@n..........cccccvveriiiriiriieieriieieeeie e eve e ens 15
2.4 Experimental Method and Data Reduction............ccccceeeviiienciienciieciieecee e, 19
2.5  Experimental UnCertainty ..........ccceeoueeriieriiienieniieniienieeriiesieeieesveeiee e esee e 23
2.6 TSt IMALIIX ..ottt ettt ettt et et e e b e et e e 24
2.7  Results and Discussion — Cylindrical Holes...........cccceeviiniiienieniiiiieeiieee, 26
2.7.1 Surface Static Pressure Distribution ...........ccocceeeiiiieiniiiiiiiinieieenieeieeneee 26
2.7.2  General ObSETVATION ......cc.eevuirierierierienieete ettt ettt 27
2.7.3 Effect of Inlet Purge Mass FIow Ratio .........ccccceeeiviiiniiiiniiieieeceeeeeee 28
2.7.4 Effect of Density Ratio .......ccceeciieiiiiiiieiieeiieiieee ettt 32
2.7.5 Effect of BIOWIng Ratio......cccoeiiiiiiiiiiiieccieeceeee et 33
2.7.6 Effect of Inlet Purge Swirl Ratio..........cccoeviiiiiiiiieiiiiieieeeceeeee e 36
2.7.7 Conclusions — Cylindrical HOIES .........ccceeeviieeiiiieiiieiieeeeeeee e 38

X



2.8  Results and Discussion — Fan-Shaped Holes..........ccccoeeieviiiiiienciienieeiieeee,
2.8.1 Surface Static Pressure Distribution ...........ccccceeviieiieniiieiienieeeesieeieeeene
2.8.2  General ODSErVAtION ........ceeueeiiiiriieniieeieeit ettt eas
2.8.3 Effect of Inlet Purge Mass FIow Ratio .........cccoeeuieiiiniiiiiiniiiciceee,
2.8.4 Effect of Density Ratio .......cceevciiiiiiiiiiiiiieiieeie e
2.8.5 Effect of Blowing Ratio.........ccccooiiiiiiiiiiiiiiiieccee e
2.8.6 Effect of Inlet Purge Swirl Ratio.........ccceeeiiiiiiiiieniiiciiecieceecceeee e
2.8.7 Conclusions — Fan-Shaped HOIes ..........ccceeviniininiiniiiiccceceee,

2.9  Results and Discussion — Comparison Between Cylindrical and Fan-

Shaped HOole DESIZNS ......ceviriiriiiiiiiirieeieetereee ettt

2.10  Summary — Platform Film Cooling .........cccccieriieiiiiniieiiecieeieeeeeee e

3. HEAT TRANSFER IN A ROTATING TWO-PASS RECTANGULAR
CHANNEL FEATURING A CONVERGING TIP TURN WITH RIB
COVERAGE EFFECTS ...ttt

3.1 LIterature SUIVEY ....cocouiiieiiiecieece ettt et ee e
3.1.1 Early Studies and Channel Geometry/Rib Effects...........ccccoceeviniiinnnennns
3.1.2 Rotational Effects in a Smooth Channel.............ccoccovvienininiininiiecee
3.1.3 Rotation Effects in Ribbed and High Aspect Ratio Channels ......................
3.1.4 180 degree Turn EffectS........coocuiiiriiieiiieeiieeeeeeeeeeeeee e
3.1.5 Studies with a Varying Aspect Ratio Channel..........c..cccccoceniiiiniiniincnnn.

3.2 ODJECIIVES cuvrieviieiieeiieiieeieeiee ettt e ettt e teesbeesteessaeensaessbeesseassseensaessseenseesssennsaens

33 Experimental Setup and Design.......c..cocueriereriiiiiininiinieeeeccieeeeseeeee
3.3.1 Test Conditions and Rotating Facility ..........cccceceevuieniiniiiiniiiiieiecieeee
3.3.2 Test Section and Rib DeSIZN........cceeviiriiiiiriiniiiiiicnecieeeeeeeeese e
3.3.3 Instrumentation and Data ACQUISTHON ........cccveerueeeiierienieeiieeie e

3.4  Experimental Method and Data Reduction............cccceeeeiieeiiieiiiiencieecee e

3.5  Experimental UNCertainty ........ccceerieriierieeiiieiieeieesiieeieeiee e eiee e eveeseneeeeens

3.6 TSt IMALIIX ..ottt ettt ettt et e st et et e e b e et e e

3.7  Results and Discussion — Smooth Surface and 60 deg Angled Ribs.................
3.7.1 Smooth Surface ReSUILS .........cooiiiiiiiiiiiieee e
3.7.2 60 deg Rib Roughened Surface Results..........ccoceeeviieniiiiiinieniiiiecieeee
3.7.3 Conclusions — Smooth Surface and 60 deg Angled Ribs ...........cceeeunenneee.

3.8  Results and Discussion — 45 deg Angled Ribs with Rib Coverage Effect ........
3.8.1 Temperature DiStribUtiON........ccceeeiiieiiiieeiiiecieeeee e
3.8.2  Nusselt Number DiStribution ..........cccccoeevieriininiienienieienienceeeeesieeee s
3.8.3 Rotation Effects on Heat Transfer .........cccccooiiiiiiiiniiiniieceeee 1
3.8.4 Conclusions — 45 deg Angled Ribs with Rib Coverage Effect................... 1

3.9 Results and Discussion — Pressure Loss Coefficient ..........ccccceveeiiiiniennennee. 1

3.10  Summary — Internal CoOlNG.........c.ccceeriiiiiiiiiieiieeieee e 1

4. CONCLUSIONS. ...ttt 1

REFERENCES ...t 1



APPENDIX A DRAWINGS OR PICTURES OF TEST SECTIONS

X1



LIST OF FIGURES

Page

Figure 1 Typical gas turbine cooling schematic for (a) internal cooling and (b)
external (film) cooling. (Reprinted from Han and Rallabandi [54])........c.......... 3

Figure 2 Schematic of the platform film cooling test facility. (Reprinted from
Chen €t @l [2]).eeeeeeeiieieeie ettt et 12

Figure 3 Top view of the five-blade linear cascade. (Reprinted from Chen et al.
12 RSP SPR 13

Figure 4 Sectional view of the geometry of the inlet purge seal, (swirl) injection
plate, and part of the plenum. (Reprinted from Chen et al. [2]).....c..ccceeeeneee 15

Figure 5 Design of the platform film-cooling and plenum cavities (cylindrical
hole). (Reprinted from Chen et al. [2])...cccueeiiiiiiiiiiiiiiiieeee e 16

Figure 6 Design of the platform film-cooling, plenum cavities, and fan-shaped
hole. (Reprinted from Chen et al. [3])...ccoovieiiiiiiiiiiiieeeee e 17

Figure 7 Schematic diagram of PSP measurement. (Reprinted from Chen et al.
12 RSP SR 19
Figure 8 PSP calibration curve. (Reprinted from Chen et al. [2]) .....ccoeevevieriencienniiennns 21

Figure 9 Static pressure distributions without coolant injection for cylindrical hole
design (P is inlet total pressure). (Reprinted from Chen et al. [2])................... 27

Figure 10 Film-cooling effectiveness contour showing inlet purge MFR effect at

DR =1, 1.5,and 2 (M = 1) for cylindrical hole design. (Reprinted from
Chen €t @l [2]).eeeeeeeiieiieee ettt sttt et 29

Figure 11 Spanwise-averaged film cooling effectiveness showing inlet purge

MEFR effect. (a) DR =1, (b) DR = 1.5, and (c) DR = 2. Platform M = 1
for cylindrical hole design. (Reprinted from Chen et al. [2])......cccceevverienennen. 30

Figure 12 Spanwise-averaged film cooling effectiveness for DR =1, 1.5, and 2 at

(a) M =0.5,(b) M= 1, and (c) M = 1.5. Inlet purge MFR = 0.75% for
cylindrical hole design. (Reprinted from Chen et al. [2]) c..ccoovveervieeciiieeieenee, 31

Figure 13 Spanwise-averaged film cooling effectiveness for M = 0.5, 1, 1.5 at (a)

DR =1, (b) DR = 1.5, and (c¢) DR = 2. Inlet purge MFR = 0.75% for
cylindrical hole design. (Reprinted from Chen et al. [2]) ....ccccoveeviivieniencnnene 31

xii



Figure 14 Film cooling effectiveness contours for density and blowing ratio
effects under inlet purge MFR = 0.75% for cylindrical hole design.
(Reprinted from Chen et al. [2])..cccviieciieiieiiieieeieceeee e

Figure 15 Inlet purge swirl ratio effects on the platform film cooling for
cylindrical hole design: (a) contour plot and (b) spanwise-averaged plot.
(Reprinted from Chen et al. [2])..cccueeiiieiiiiiieieeeeee e

Figure 16 Static pressure distributions without coolant injection for shaped hole
design (Pt is inlet total pressure). (Reprinted from Chen et al. [3]).......c...........

Figure 17 Film-cooling effectiveness contours showing inlet purge MFR effect at
DR =1, 1.5, and 2. Platform M = 1 for shaped hole design. (Reprinted
from Chen et al. [3]) .ceeouiiiiieeeie e

Figure 18 Laterally averaged film cooling effectiveness showing inlet purge MFR
effect: (a) DR =1, (b) DR = 1.5, and (¢) DR = 2. Platform M = 1 for
shaped hole design. (Reprinted from Chen et al. [3]) ...cccoovieriiiiieniiiiieee,

Figure 19 Laterally averaged film-cooling effectiveness for DR = 1, 1.5 and 2 at
(a) M=0.5,(b) M=1, and (c) M = 1.5. Inlet purge MFR = 0.75% for
shaped hole design. (Reprinted from Chen et al. [3]) .ccccveveriieniininiinieeee

Figure 20 Laterally averaged film-cooling effectiveness for M = 0.5, 1, 1.5 at (a)
DR =1, (b) DR = 1.5, and (¢) DR = 2. Inlet purge MFR = 0.75% for
shaped hole design. (Reprinted from Chen et al. [3]) ...cccoovieviieiieniiiiiieee,

Figure 21 Film-cooling effectiveness contours for density and blowing ratio
effects under inlet purge MFR = 0.75% for shaped hole design.
(Reprinted from Chen et al. [3])..cccviiiciieiiiiiieiieeieeeeee e

Figure 22 Inlet purge swirl ratio effects on the platform film cooling effectiveness
at MFR = 1%, platform M = 1 and DR = 1 for shaped hole design: (a)
contour plot and (b) laterally averaged plot. (Reprinted from Chen et al.

Figure 23 Area-averaged effectiveness comparison between cylindrical and fan-
shaped holes. (Reprinted from Chen et al. [3]) ..cccoeeiiniieniiniiiieeeeee,

Figure 24 Area-averaged effectiveness comparison between cylindrical and fan-
shaped holes versus momentum flux ratio. (Reprinted from Chen et al.

Figure 26 Schematic figure of the test section as viewed from the leading side to
the trailing surface (with 60 deg angled ribs)..........cccceeiiiiiiiiiiiniiiiieieee

xiii



Figure 27 Rib designs for the 45 deg angled rib with various rib coverages near
tip turn. (a) less coverage (Config. 1) (b) medium coverage (Config. 2)
and (c) full coverage (Config. 3)......ccoieiiieiiieieciieeeee e 69

Figure 28 Rib cross-sectional profile............ccoceeiiiiiiiniiiiiieiiicee e 70

Figure 29 CFD simulated velocity streamlines at the middle plane at Re = 45k,

Figure 30 Smooth surface temperature distribution at Re = 35k under (a) 0 rpm
ANd (D) 400 TPIM c..eiiiiiiiiee ettt et et 79

Figure 31 Smooth surface streamwise Nu/Nuo ratio at Re = 10k under 0 and 400

Figure 32 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
regions 4 and 6 for SMOOth CASE .........cceeviiiiiiiiiiiiee e 84

Figure 33 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
regions 7 and 11 for Smooth Case..........coovieiiiiiiiiiiiiii e 85

Figure 34 Effect of rotation number (Ro) on Tip wall heat transfer (Nu/Nus) in

regions 6 and 7 for SMOOth CaASE .........ccueeviiriiiiiiieiee e 86
Figure 35 Ribbed surface streamwise Nu/Nuo ratio at Re = 35k under O rpm ................. 88
Figure 36 Ribbed surface streamwise Nu/Nuo ratio at Re = 10k under 0 and 400

150) 14 LSRR 88
Figure 37 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in

regions 4 and 6 for ribbed CaSe..........cccuveriieiiieriieiecie e 90
Figure 38 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in

regions 7 and 11 for ribbed Case.........cccveviieriiiriieiiecie et 91
Figure 39 Effect of rotation number (Ro) on Tip wall heat transfer (Nu/Nus) in

regions 6 and 7 for ribbed CaSe..........cccuveriieiiieriieiieeie e 92
Figure 40 Comparison of the maximum and minimum Nu/Nus for all surfaces

considered within the Re and Ro range.............cocceeviiiiiiniinciiciieeeeeeee, 94
Figure 41 Temperature distribution for Config. 2 at Re = 35k, 0 and 400 rpm................ 97
Figure 42 Stationary Nus/Nuo distribution at Re = 10K ........ccccovieviiiiniiiniiiiiiiniiiee 99
Figure 43 Nu/Nuo distribution at Re = 10k and 400 rpm.........ccccceeveeniiiiiiniiennienieeee. 102

X1V



Figure 44 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
10570410 1 I SOOI

Figure 45 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
TEZIOML Ottt ettt et e et et e st e et esate et e esabeenbeeenbeenbeeenseenseesnneens

Figure 46 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
105704101 1 U STUPR P STUURRRPRPO

Figure 47 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
1057241021 N 1 OSSR STUURRURPTRPO

Figure 48 Effect of rotation number (Ro) on tip surface heat transfer (Nu/Nus) in
regions 6 and 7 (Tip-6 and TiP-7) ..ceevoeeeoiiiiiiiieie et

Figure 49 Comparison of the maximum and minimum Nu/Nus for all surfaces
considered within the Re and Ro range.............coccoeiiiiiiiiiiniiiieieee

Figure 50 Stationary pressure loss coefficient comparison for five different
CONTIGUIATIONS ...ttt ettt ettt ettt e et e et e bt e st e eteesnbeenneeenee

Figure 51 Effect of rotation on pressure loss coefficient for five different
CONTIGUIATIONS ...ttt ettt ettt et e et e et e e beesabeenteesnteenneeenee

Figure 52 Design of the base plate of the five-blade linear blade cascade.....................

Figure 53 Design of the upstream purge plenum assembly with swirled injection
ROLES .t

Figure 54 Design of the platform plenum adaptor..........cocceeviiiiiiiiiniiiieeeeee,
Figure 55 Design of the platform plenum.............ccoecveviiiiiiiiiiniiiiieeeeece e

Figure 56 Internal cooling test section assembly on the rotating facility .......................

XV



LIST OF TABLES

Page

Table 1 Cascade geometry and mainstream flow conditions...........cceceevveerveerieenveeneenne. 11

Table 2 Test matrix for platform film cooling Study .........ccccceeviiiiiiniiiiiiee e 25
Table 3 Corresponding coolant supply MFR at different blowing ratios on the

PLAtfOTIN L. 25

Table 4 Test conditions and corresponding Ro numbers in the first passage................... 64

Table 5 Test conditions and corresponding Ro numbers in the second passage .............. 64

Table 6 Static pressure loss coefficient COMPATISON ..........eeeviereieeiierieeiiienieereerieeeeens 116

Xvi



1. INTRODUCTION

Gas turbine engines are widely used for aircraft propulsion, land-based power
generation, and numerous industrial applications. The efficiency of such technology is,
therefore, a paramount issue for gas turbine researchers and designers. To achieve a higher
thermal efficiency, one way is to increase the turbine inlet temperature (TIT) based on the
working principle of gas turbine engines. The TIT of a modern gas turbine engine may
exceed 1700 deg C, which is far higher than the yielding temperature of advanced nickel
based superalloys. As a result, advanced cooling designs are used to ensure the safety and
reliability of the engine. At this high TIT, the combined cycle thermal efficiency reaches
60% or higher. With more research and development, the government, industry and the
academia are working together to push the thermal efficiency to over 65% in around year
2020.

The thermal load and temperature of a turbine airfoil can be reduced by two active
cooling mechanisms: internal cooling and external (film) cooling, as illustrated in Figure
1. For internal cooling, high-pressure air at a much lower temperature from the compressor
stage is sent to the internal passages of the airfoils as shown in Figure 1 (a). Heat is removed
from the internal surfaces to the cooling air (coolant). Several techniques can be used to
increase the heat transfer rate inside the passages, including artificial roughened surfaces
(ribs or pin-fins) and jet impingement cooling. Several parameters that would affect the
internal heat transfer of the cooling channels have been identified, such as channel

geometry and aspect ratio, rib configuration, rotation, 180 deg turn and turn geometry, and



Reynolds number effects. A comprehensive review of various effects on internal heat
transfer can be found in Han et al. [1].

For external cooling, coolant is discharged from the internal cooling passages or
plenums into the mainstream through discrete film cooling holes, upstream stator-rotor
seal, or the slashface gap as illustrated in Figure 1 (b). Parameters that influence the film
cooling effectiveness or distribution include coolant to mainstream blowing ratio (M),
density ratio (DR), mass flow ratio (MFR) and momentum flux ratio (I). The swirl effect
of the upstream purge flow also influences the purge flow effectiveness and coolant
coverage. Other than these flow parameters, the geometrical design of the cooling features
plays an important role in the film cooling outcome, such as the hole shape and hole
location, etc. A comprehensive review of various effects on film cooling can also be found
in reference [1]. Experimental studies on the external film cooling will be presented in
Section 2. And it is worthy to note that the content is reprinted from two previously
published papers by Chen et al. [2, 3]. Detailed literature survey and experimental methods

will be presented in the following sections.
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2. TURBINE BLADE PLATFORM FILM COOLING WITH SIMULATED SWIRL

PURGE FLOW AND SLASHFACE LEAKAGE CONDITIONS

2.1 Literature Survey

As discussed in the introduction, several parametric and geometric effects on the
endwall film cooling will be addressed in the literature survey. These parameters include
the hole geometry, upstream purge flow, rotation induced purge flow swirl effect, slashface

leakage flow, and studies with combined cooling features.

2.1.1 Fundamental Studies

Since the early 1970s, film cooling has become one of the most effective
approaches to maintain turbine components in the hot gas path at acceptable temperatures.
Han et al. [1] documented comprehensively the key developments in film cooling as well
as internal cooling technologies. A general review of gas turbine film cooling can be found
in Bogard and Thole [4] and Han [5]. Most of the fundamental research on film cooling
was carried out on a flat plate. Goldstein [6] characterized the fundamental flow and heat
transfer behaviors of a film cooled flat surface. Chen et al. [7] studied comprehensively the

blowing ratio, density ratio, mainstream turbulence and hole geometry effects on flat plate

*Reprinted with permission from Andrew F Chen, Chao-Cheng Shiau, Je-Chin Han, 2017,
“Turbine Blade Platform Film Cooling With Simulated Swirl Purge Flow and Slashface
Leakage Conditions”, Journal of Turbomachinery, 139(3), pp. 031012-031012-10, Copyright
2017 by ASME.

And from Andrew F Chen, Chao-Cheng Shiau, Je-Chin Han, 2018, “Turbine Blade Platform
Film Cooling With Fan-Shaped Holes Under Simulated Swirl Purge Flow and Slashface
Leakage Conditions”, Journal of Turbomachinery, 140(1), pp. 011006-011006-11, Copyright
2018 by ASME.
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film cooling. In addition, parametric effects on backward injection film cooling can also
be found in Chen et al. [8] and Li et al. [9]. Studies on flat plate film cooling may serve as
a general guideline for different parametric effects on film cooling. Nevertheless, the
results can be quite different when cooling holes are implemented on surfaces of various
gas turbine components. Hence, studies on real hardware or a simulated model are essential
for a better understanding of film cooling.

Turbine endwall or platform film cooling has been a challenging research topic due
to its multiplex geometry and film cooling characteristics that are associated with complex
three-dimensional flows in the passages. The mainstream flow adjacent to the platform and
coolant trajectories are dominated by the blade induced secondary flows such as horseshoe
vortex, passage vortex and passage crossflows. Visualization of secondary flows in a
passage can be found in Langston [10, 11] and Wang et al. [12]. An overview of the
platform flow and heat transfer can be found in Chyu [13], and Simon and Piggush [14].

Some early studies on discrete-hole endwall film cooling can be found in Refs. [15-17].

2.1.2  Upstream Purge Flow

Several studies on the effects of inlet leakage flow from between the combustor and
first stage nozzle guide vane with or without endwall film cooling can be found in Refs.
[18-23]. Results showed that the inlet leakage flow could promote film cooling in the
upstream endwall, however, endwall film cooling was markedly influenced by the
aforementioned secondary flows. Crossflow swiped coolant traces from pressure side to
suction side. Horseshoe vortices near the vane leading edge abated the coolant coverage.

Some studies [18, 21] demonstrated the use of a contoured endwall to reduce the strength

5



of the secondary flows and improve film cooling performance. A thinner boundary layer
and a vortical structure were seen near the flat endwall at the exit plan (x/Cax = 1) and the
vortical structure was not seen near the contoured endwall.

Apart from many studies on a first stage vane with inlet leakage flow, a series of
studies on a linear rotor blade cascade with inlet purge flow can be seen in Refs. [24-28].
The platform film cooling behavior of purge flow with discrete film cooling holes under
various hole geometries and layouts, different coolant density ratios or flow conditions
were documented. The results also showed secondary flow (the horseshoe/passage vortices
and cross flows) effects and the effects can be more pronounced in a rotor passage. Papa
et al. [29] measured the heat and mass transfer on the rotor endwall and blade suction
surface in a linear cascade using naphthalene sublimation technique and visualized the flow
on the endwall by oil-dot visualization. Takeishi et al. [30] studied the leakage flow effects
on flow field and film cooling on a turbine blade platform and found that the strength of

secondary flow may be enhanced with leakage flow rate.

2.1.3  Rotation Induced Swirl Effects

In an operating gas turbine engine, the purge flow exiting from the stator-rotor
cavity has a circumferential velocity relative to the rotating platform. A rotating facility
can be used to study the swirl effects of purge flow. Suryanarayanan et al. [31, 32] studied
stator-rotor purge flow through the wheel space cavity of a first stage rotating platform.
The facility has a rotational speed up to 3000 rpm. The results showed that the effectiveness
on the rotating platform decayed faster than the effectiveness measured on a stationary

platform. A continued study by Rezasoltani et al. [33] implemented non-axisymmetric
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endwall contouring. The strength of secondary flows was reduced and a higher
effectiveness was achieved near the leading edge portion. Schobeiri et al. [34] conducted
extensive CFD simulations on the same test facility and similar conclusions were obtained,
except that the predicted efficiency and effectiveness values are generally higher than the
experimental results.

It has been evidenced that rotation has a significant effect on the rotor platform film
cooling. Nevertheless, it is challenging to conduct experiments under a rotating condition
in a laboratory setting. Recently, attempts have been made to simulate the swirl motion of
the purge flow between the rotor and stator in a stationary test rig. Barigozzi et al. [35]
simulated the swirl purge flow by installing a number of inclined fins inside the injection
slot. The results showed that the secondary flow near the platform was reinforced and the
film cooling coverage was reduced at an injection angle of -10° (simulate the rotation
effect). Stinson et al. [36] used turning vanes to impose swirl on the leakage flow. They
also found that the film cooling coverage was improved with a higher flow rate and with a
decreased swirl effect. Li et al. [37] investigated the purge flow swirl effects as well as the
suction surface phantom cooling effects over a wide range of swirl ratios and coolant-to-

mainstream MFRs in a linear cascade.



2.1.4 Slashface Leakage Flow

Turbine vane or blade is made of individual casting piece. After assembly, there
will be a gap in between the casting pieces on the hub endwall, which allow thermal
expansion during service cycles. The gap is also known as slashface gap. A fundamental
study on gap flow injection/extraction downstream of film cooling holes was performed by
Yu and Chyu [38] on a flat plate. The results demonstrated that a combination of upstream
holes and gap could promote film cooling effectiveness under some blowing conditions.
Detailed heat transfer and flow measurements on the inlet and slashface leakage flows in a
first-stage nozzle cascade were done by Piggush and Simon [39, 40]. They observed an
increased heat transfer and passage loss with slashface ejection as compared with a smooth
endwall. Several other studies on a first stage nozzle endwall with the combustor-turbine
interface, slashface, and film cooling holes can be seen from Refs. [41-45]. These studies
showed different gap effects on endwall film cooling: misalignment, roughness, blowing
rate, or density ratio effects. One thing in common is that the slashface leakage flow can

only be seen at the downstream portion due to high acceleration of the mainstream flow.

2.1.5 Studies with Combined Effects

There are only very limited studies on a rotor blade platform with upstream and
slashface gaps. The combined effects of upstream slot film cooling and slashface film
cooling was first investigated by Ranson et al. [46]. Roy et al. [47] investigated the
combined effect of upstream purge and platform leakage flows on heat transfer and cooling
effectiveness. Slashface film cooling was found to have a pronounced effect on

downstream suction side platform. More recently, studies on a combination of upstream
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purge flow, slashface leakage flow and discrete film cooling on a blade platform can be
seen in the open literature. Lynch and Thole [48] investigated the platform gap leakage
MFR effect on the endwall film cooling. The area-averaged effectiveness and heat transfer
increased with gap leakage MFR from 0% to 0.3% and 0.6%. Many of the aforementioned
studies including Refs. [46-48] are based on heat transfer measurement techniques, and the
coolant-to-mainstream density ratios are close to 1. Unlike real engine conditions where
the coolant-to-mainstream density ratios are close to 2 due to considerable temperature
differences.

In the present study, fan-shaped film cooling holes are used in addition to
cylindrical holes. There are many studies on shaped hole film cooling on a flat plate,
including Refs. [7-9, 49]. Barigozzi et al. [50] studied the MFR effect on the aero-thermal
performance of a vane endwall with cylindrical and fan-shaped holes. In terms of
effectiveness, shaped holes provide a better coverage and the optimum MFR is higher than
the cylindrical holes. Colban et al. [51] investigated the freestream turbulence effect on a
vane endwall with cylindrical and fan-shaped holes. A 75% increase in film cooling
effectiveness was seen by using fan-shaped holes. Higher turbulence level has a negative
effect on shaped hole film cooling. Liu et al. [26] compared cylindrical and fan-shaped
hole performances on a blade platform. The results indicated that density ratio has a smaller
impact on shaped hole film cooling. Effectiveness increases with blowing ratio for shaped
holes. Excellent reviews of shaped hole film cooling on gas turbines were documented by

Bunker [52] and Ekkad and Han [53].



2.2 Objectives

This study aims at combining realistic film cooling features on a turbine blade
platform. With the newly designed endwall and plenums, sophisticated film cooling
schemes can be achieved. High resolution film cooling effectiveness contours and laterally
averaged effectiveness are presented and discussed. Film cooling effectiveness
comparisons between cylindrical and fan-shaped holes will be made by means of area-
averaged effectiveness versus blowing, density, and momentum flux ratios. Parametric
effects on backward injection near the blade leading edge, upstream simulated (swirl) purge
flow, slashface leakage flow and discrete hole film cooling provide new information for

the gas turbine designers and researchers.

23 Experimental Setup and Design
2.3.1 Five-blade Linear Cascade

Experiments were conducted in a five-blade linear cascade test facility as shown
schematically in Figure 2 and Figure 3. The region of interest on the platform is located
next to the pressure side of the center blade. The inlet and exit cross-sections of the wind
tunnel were 19.6 cm (width) % 12.7 cm (height) and 12.9 cm (width) x 12.7 cm (height),
respectively. The mainstream air was supplied by a centrifugal compressor which can
deliver a volume flow rate up to 6.2 m*/s. The mainstream volume flow rate was regulated
by a frequency controller, which has an operational range from 0 to 60 Hz. A 7.62 cm thick
honeycomb with a cell size of 1.27 cm was placed 1.78 m upstream of the center blade
leading edge to straighten the incoming flow. A planer square bar turbulence grid with a

bar width of 0.635 cm was placed 2.5 times of the axial chord length (Cax) upstream of the
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center blade leading edge. The grid was perpendicular to the approaching flow and
generated an average turbulence intensity of 10.5% at the cascade inlet. The average
integral length scale was 0.56 cm, slightly smaller than the bar width. More details
regarding the mainstream flow turbulence can be found in Narzary et al. [50]. The cascade
inlet and exit velocities were 95 m/s and 153 m/s, measured at 1.35Cax upstream of the
center blade leading edge and 1.47Cax downstream of the center blade trailing edge,
respectively by a Pitot-Static probe. The corresponding inlet and exit Mach numbers were
0.26 and 0.43. The cascade inlet and exit Reynolds numbers based on the axial chord length
were 4.75x10° and 7.2x10°, respectively. Periodic flow conditions were reached in the
middle two passages as reported in previous studies [22, 24]. Some of the key mainstream

flow conditions and dimensions of the cascade are listed in Table 1.

Table 1 Cascade geometry and mainstream flow conditions

Cascade Geometry

Blade height 12.64 cm | Inlet area 249 cm?
Axial chord length, Cax 8.13 cm | Exit area 164 cm?
Pitch 7.69 cm | Inlet angle 50.5°
Total turning angle 116.9° | Exit angle 66.4°
Mainstream Flow Conditions

Inlet Mach No. 0.26 | Inlet Re No. 4.75x10°
Exit Mach No. 0.43 | Exit Re No. 7.2x10°
Pressure Ratio (Py/Pexit) 1.16

Turbulence intensity 10.5%
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Figure 2 Schematic of the platform film cooling test facility. (Reprinted from Chen
et al. [2])
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Figure 3 Top view of the five-blade linear cascade. (Reprinted from Chen et al. [2])
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2.3.2  Simulated Purge Flow Design

In the current study, a generic single-tooth seal was used to simulate the stator-rotor
gap as shown in Figure 4. It is composed of a pair of upstream tooth and downstream tooth.
The seal was built by stereolithography (SLA) process with DSM Somos NanoTool resin.
The inclination angle of the slot to the platform surface is 25°. The slot opening at the neck
of the seal is 0.20 cm. The distance from the slot downstream edge to the blade leading
edge is 0.59 cm. The slot covers more than 2.5 passages of the cascade. An injection plate
was attached underneath the seal. There are two different designs of the injection plate.
The baseline design comes with radial outward injection (no swirl effect). A row of 30
equally-spaced injection holes is at 90° to the surface. The diameter of the holes is 0.33 cm
and the plate thickness is 1.27 cm. The second design has a row of 30 equally-spaced
injection holes at a 45° angle to the surface toward the blade suction side. The diameter of
the holes is 0.28 cm. The cross-sectional view of the second design is shown in Figure 4.
The inclined holes were used to simulate the swirl effect at a typical swirl ratio (SR) of 0.6.
A swirl ratio of 0.6 was defined such that the purge coolant moves in the same direction of
the blades and has a circumferential velocity that equals 60% of the blade tangential
velocity. That means the coolant to blade relative velocity (in the circumferential direction)
is 40% of the blade tangential velocity. In the current study, analogy has been made
between a real engine and a stationary cascade. The circumferential velocity of the ejected
coolant at SR = 0.6 was about 60% of the mainstream inlet velocity. From the same
definition, the baseline non-swirl design has a swirl ratio of 1 (SR = 1). A plenum was

attached to the bottom of the injection plate for coolant supply.
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Figure 4 Sectional view of the geometry of the inlet purge seal, (swirl) injection
plate, and part of the plenum. (Reprinted from Chen et al. [2])

2.3.3  Platform Film Cooling Design

Extra cooling was offered on the newly designed platform by 16 discrete film
cooling holes and a slashface, as shown in Figure 5 and Figure 6. The 0.635 cm thick
platform was fabricated by the same SLA process and the same resin as the seal. The layer
thickness of the SLA process was 50 um (~0.002 in). The parts have been sanded and finely
blasted for a smoother surface. The slashface has a 65° angle to the front of the platform.
The slashface gap is 8.91 c¢cm in length, 0.16 cm in width, and 0.43 cm in depth. A row of
thirty 0.08 cm diameter normal injection holes are equally distributed at the bottom of the
slashface gap to simulate the leakage flow. These tiny holes in the slashface have an L/D
ratio of (0.635-0.43)/0.08 = 2.56 and a hole spacing of 8.91 cm/30 = 0.3 cm. Underneath

the slashface, a plenum with a slightly larger cross-section is attached. The dimensions of
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the plenum are about 9.5 cm (L) * 0.635 cm (W) * 15 cm (H). The slashface has a distance
from the upstream edge (~1.35 cm) and downstream edge (0.84 cm) of the endwall, which

is an inherent limitation arose from the design of the plenums.

\\\\
Plenum B
%

N

I_.X -0 Plenum C

W

Figure 5 Design of the platform film-cooling and plenum cavities (cylindrical hole).
(Reprinted from Chen et al. [2])

Unit: cm
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Figure 6 Design of the platform film-cooling, plenum cavities, and fan-shaped hole.
(Reprinted from Chen et al. [3])

There are three groups of cooling holes on the endwall. Each cooling hole has a
diameter of 1.588 mm, an L/D ratio of 8, and are inclined at 30° to the platform surface.
For shaped hole design, laidback fan-shaped holes are characterized with a lateral
expansion of 10° on both sides and a forward expansion of 5° from the hole axis. The hole
expands at L/D = 4. The resultant exit to inlet cross-sectional area ratio is 2.8. Group 1
includes two backward injection holes in an attempt to reduce the strength of the horseshoe

vortex and to cover the pressure side leading edge area. A complete study of backward
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injection film cooling on a flat plate can be found in Refs. [6, 7]. Group 2 contains nine
forward injection holes located in between the pressure side edge and the slashface. One
row of holes is adjacent to the pressure side edge and is offset from the pressure side edge
by about 0.25 cm. These holes have a compound angle of 30° toward pressure side and a
P/D ratio of 9.1. The other row is offset from the pressure side edge by about 1.7 cm. These
holes have a compound angle of 5° toward the suction side and a P/D ratio of 11.2. Group
3 has five holes located in between the downstream suction side edge and the slashface.
The two rows of holes are offset from the suction side edge by about 0.9 cm and 1.7 cm
and the P/D ratios are 12.8 and 11.2, respectively. Group 3 holes have a compound angle
of 30° toward pressure side. The area between the slashface and the upstream suction side
portion was left without film cooling holes since the inlet purge flow is expected to cover
this area. The axial coordinate x = 0 is located at the leading edge of the blade.

It is difficult to control local blowing ratios of each cooling hole due to considerable
pressure variations on the platform. Three plenums were used to individually control
coolant supply, as shown in Figure 5 and Figure 6. Group 1 and group 2 holes located at
high pressure area are fed by plenum A. Plenum B is used to feed the slashface gap. Group
3 holes at the low pressure area are fed by plenum C. It should be noted that the inlet purge
slot has a separate plenum and all plenums are installed with flow conditioning elements

such as wire meshes and honeycombs.
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2.4  Experimental Method and Data Reduction

Film cooling effectiveness distributions were measured using pressure sensitive
paint (PSP) technique through a mass analogy method. PSP is composed of fluorescent
molecules and an oxygen-permeable polymer binder. As shown in Figure 7, a 400 nm LED
lamp (Innovative Scientific Solutions, Inc., LM2X-DM-400) was used to excite the
fluorescent molecules embedded in the polymer binder. The excited fluorescent molecules
will emit fluorescent light at a wavelength around 650 nm as it relax from the excited state
to the ground state. The emission intensity will be recorded by a scientific grade CCD
camera (Innovative Scientific Solutions Inc., PSP-CCD-M) with a long pass filter (600
nm). When the paint is exposed to oxygen (Oz2), the fluorescent molecules will go through
another emission-free path to the ground state. Consequently, the surface emission intensity

will be diminished. This phenomenon is known as the oxygen-quenching effect.

CCD camera

400 nm LED array

600 nm long pass filter

PSP painted surface

Figure 7 Schematic diagram of PSP measurement. (Reprinted from Chen et al. [2])
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The endwall test plate used in the experiments (shown in Figure 5 and Figure 6)
was carefully painted with PSP (Innovative Scientific Solutions Inc., UF-750). In order to
find out the relationship between the PSP emission intensity and the oxygen partial pressure
(or air pressure since there is a constant concentration of oxygen in the ambient air) on the
painted surface, an airtight calibration chamber was used. A vacuum pump and a
compressed air source were connected to the chamber to control the pressure inside the
chamber. The LED lamp and CCD camera were positioned at the same distance and angle
to the test plate as they were in the test section. The emission intensity (I) of the PSP was
recorded at pressures (P) from 0 inHg (gauge pressure, which is equivalent to 1 atm, latm
=29.92 inHg) to -26 inHg (gauge pressure) at a 2 inHg interval and from 2 psig to 8 psig
at a 2 psi interval. The pressure and emission intensity acquired under ambient pressure
were used as references and were denoted as Prer and Irer, respectively. Background noise
of the camera (Ibik) was recorded when there is no excitation light, and it will be subtracted
from I and Irer. A hundred gray-scale images were recorded for each case and were saved
in TIF format. The emission intensity of each case was calculated by averaging those 100
images so as to cancel out the noise. The resulting calibration curve is shown in Figure 8
and a power fitting curve was used to fit the data points. The partial pressure of oxygen (or
air) in close proximity to the painted surface can then be deduced from the surface emission

intensity through the calibration curve.
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Figure 8 PSP calibration curve. (Reprinted from Chen et al. [2])

Four sets of data are required to determine film cooling effectiveness under each
test condition. Those data include: (1) background intensity taken under no light condition
(Inik). (2) reference intensity (Iref) taken with LED illumination and no flow. (3) air injection
intensity (lair) acquired with mainstream flow and LED light illumination while compressed
air was injected as coolant. The corresponding oxygen concentration and partial pressure
are Coz,air and Poo,air. (4) foreign gas injection intensity (Ifg) measured with mainstream
flow and LED light illumination. A foreign gas was injected as coolant. The corresponding
oxygen concentration and partial pressure are Coz.fg and Poz.fe.

When the molecular weight of the foreign gas is close to that of air (e.g. nitrogen), the

adiabatic film cooling effectiveness can be calculated by Eq. (1):
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_ Taw —Ts - Coz,wall - Coz,oo ~1— COZ,fg

Tc — T COZ,C - Coz,oo COZ,air
(1)
_— 1 _ POZ'fg . _ POZ'fg/POeref
Poz,air Poz,air/POZ,ref

When the molecular weight of the foreign gas is different from that of air, the equation
needs to be modified in order to account for the variation of the effective molecular weight

of the mixed gas in the cooling film. Adiabatic film cooling effectiveness can be calculated

by Eq. (2):

1
=1-—
7 [1 + (Poz,air/POZ,ref _ 1) ng (2)
POZ,fg/POZ,ref Wair

where Wair is the molecular weight of ambient air and Wrg is the molecular weight of the
foreign gas coolant. There is a known temperature effect of the PSP (about 1% decrease in
intensity per 1 °C temperature increment). According to Shiau et al. [44], the temperature
effect of the PSP can be ruled out by taking all images (reference, air injection and coolant
injection) under the same surface temperature. In another word, the calibration curve
derived under room temperature can be used as long as all images are taken under the same
local surface temperature. An in depth documentation respecting PSP measurement

technique can be found in Han and Rallabandi [54].
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2.5  Experimental Uncertainty

Part of the uncertainty of the experiment comes from the fluctuation of mainstream
velocity (+ 2%) and the fluctuation of coolant flow rate (= 3%). Fluctuation of the
aforementioned quantities will reflect in variations in both distribution and value of the
effectiveness. In terms of the calculation of the effectiveness, the primary uncertainty
comes from the variation of the recorded PSP emission intensity, which can be affected by
several factors such as the fluctuation of LED light intensity or surface temperature. 10
different sets of reference images were examined to evaluate the uncertainty. Use the
method proposed by Kline and McClintock [55], based on a 95% confidence level, the
uncertainties of film cooling effectiveness deduced from the calibration curve at n = 0.1,
0.3,0.5and 0.7 are 15%, 3.9%, 1.7% and 0.7%, respectively. Besides, surface acrodynamic
heating might affect the film cooling effectiveness results since the PSP emission intensity
is also a function of surface temperature. However, the calculated difference in adiabatic
wall temperature from inlet to exit was less than 1 °C. Furthermore, as mentioned in the
experimental method, the effect of temperature variation will be automatically canceled
out when all images are acquired at the same local surface temperature. Therefore, the

surface aerodynamic heating effect is considered negligible.
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2.6 Test Matrix
The definition of blowing ratio is given in the nomenclature. However, as discussed
earlier, it is difficult to control the blowing rate through each cooling hole in the cascade.

As a result, an average blowing ratio (M) is defined in Eq. (3):

rhc,i =M X (poovoo)i X Ac,i (3)

where m is the coolant mass flow rate of each plenum at a given average blowing ratio M;

i refers to plenums A, B or C; poVe is the average mainstream mass flux above each

plenum, and A. is the overall cross-sectional area of cooling holes fed by the plenum. The

average mainstream mass flux pwoVe 1s determined from the average local static pressure

information obtained from the PSP measurement, as shown in paragraph 2.7.1. For

simplicity, the term “blowing ratio” will be used instead of “average blowing ratio”

in the following discussions.

At SR = 1, the platform film cooling blowing ratio effects were studied at three
different blowing ratios M = 0.5, 1, and 1.5. The effects of inlet purge flow coolant-to-
mainstream mass flow ratio (MFR) were studied at MFR = 0.5%, 0.75% and 1%. The
MFRs were calculated based on the coolant mass flow rate and mainstream mass flow rate
per passage. The effects of coolant-to-mainstream density ratio (DR) were tested at DR =
1, 1.5, and 2. The coolant-to-mainstream density ratios 1, 1.5, and 2 were achieved by

utilizing industrial grade N2, industrial grade CO2, and a mixture of SF¢ (15% by volume)
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and Argon (85% by volume) as coolant, respectively. The inlet purge swirl ratio (SR)
effects were examined among SR = 1 and SR = 0.6 particularly at DR = 1, MFR = 1% and
M = 1. There are 16 test cases for each cooling hole design and are summarized in

Table 2. The corresponding MFRs for plenums A, B, and C at each blowing ratio (M = 0.5,
1, or 1.5) are also provided in Table 3. As can be seen, the total coolant mass flow rate that
was supplied to the platform has a linear relationship to the blowing ratio. The total

platform MFR percentage can be easily calculated by multiplying blowing ratio by 0.74.

Table 2 Test matrix for platform film cooling study
Hole )
Geometry SR DR MFR (%) M
1 0.5,1
0.75 0.5,1,1.5
Cylindrical 2
dF 1 1.5 0.5, 1
ane raf- ' 0.75 | 05,1,15
shaped
Holes 2 0.5, 1
0.75 0.5,1,1.5
0.6 1 1

Table 3 Corresponding coolant supply MFR at different blowing ratios on the
platform

Corresponding MFR (%) |[ M =05  M=1|M=1.5
Plenum A 0.14 0.27 0.41
Plenum B 0.13 0.26 0.39
Plenum C 0.10 0.21 0.31
Total Platform 0.37 0.74 1.11
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2.7  Results and Discussion — Cylindrical Holes
Experimental results of adiabatic film cooling effectiveness will be presented in the
form of either contour plots or span-wise averaged line plots. The effects of inlet purge

mass flow ratio, blowing ratio, density ratio, and swirl ratio will be discussed.

2.7.1 Surface Static Pressure Distribution

The static pressure distribution was measured by pressure sensitive paint with the
test (endwall) plate installed under a fixed mainstream condition, as shown in Figure 9. As
can be seen from the contour, there is a high pressure zone near the pressure side of blade.
The pressure gradually decreases toward the suction side. This pressure difference is the
main driving force of the strong cross flow inside the passage. It is also how the turbine
can produce work. Non-uniform pressure distribution at the inlet affects the inlet purge
flow significantly. Inlet purge flow will be suppressed by the high pressure near the
pressure side. The static pressure decreases from upstream to downstream as the flow
accelerates. There is a wedge shape low pressure zone right after the slashface near trailing
edge. It can be attributed to flow trapping and recirculation after passing through the

slashface gap.
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Figure 9 Static pressure distributions without coolant injection for cylindrical hole
design (P is inlet total pressure). (Reprinted from Chen et al. [2])

2.7.2  General Observation

From the pressure distribution discussed above, it can be expected that the inlet
purge flow will be more concentrated near the suction side. Film cooling traces, including
slashface leakage and discrete-hole discharges, are swiped toward the suction side by
strong cross flows in the passage. Film cooling is ineffective near the pressure side edge
due to high local pressure and complex three-dimensional flow structures. Coolant ejection
was suppressed at lower blowing ratios and higher density ratios. Coolant traces near the
pressure side edge follow the edge curvature. Upstream-hole and gap interactions have
been observed. Film cooling ejection from an upstream hole seemed to promote the
effectiveness of the downstream gap leakage flow, which agreed with the results from [38].

Downstream cooling holes present much better protection due to low local static pressure
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compared to the upstream pressure side holes. The upstream pressure side endwall remains

a hard to cool region, where more advanced cooling schemes are needed.

2.7.3  Effect of Inlet Purge Mass Flow Ratio

The effects of inlet purge mass flow ratio were examined at three different density
ratios and a platform average blowing ratio of 1. Detailed film cooling effectiveness
contours are shown in Figure 10. At a low inlet purge MFR (MFR = 0.5%), the coolant
only covers the leading edge portion near the suction side. This is caused by the non-
uniform pressure distribution as stated earlier. The triangular shape of the inlet purge film
coverage as seen in the contour is due to strong vortices. The horseshoe vortex and passage
vortex separation line formed from the pressure side leading edge to the suction side
trailing edge, which prevents the coolant from spreading across the line. There is a low
effectiveness area at the suction side leading edge, which is caused by downwash suction
side leg horseshoe vortex. By increasing the MFR, the coolant coverage and film
effectiveness increase monotonically. At MFR = 1%, the purge flow is so strong that the
film coverage expands to the pressure side leading edge. However, the coverage is still
limited by the boundary layer separation line associated to the vortices.

From the span-wise averaged line plots (Figure 11), effectiveness is high at the inlet
and then gradually decrease. Higher MFR results in higher effectiveness. The effectiveness
values at different MFRs gradually merge together, and then coincide with each other after

X/Cax ~ 05
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DR =1, Platform M = 1

MEFR = 0.5% MEFR = 0.75% MEFR = 1%

DR = 1.5, Platform M = 1

MEFR = 0.5% MEFR = 0.75% MEFR = 1%

DR =2, Platform M = 1

MEFR = 1%
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Figure 10 Film-cooling effectiveness contour showing inlet purge MFR effect at DR
=1, 1.5, and 2 (M = 1) for cylindrical hole design. (Reprinted from Chen et al. [2])
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Figure 11 Spanwise-averaged film cooling effectiveness showing inlet purge MFR
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2.7.4  Effect of Density Ratio

Span-wise averaged line plots for density ratio effect and blowing ratio effect are
shown in Figure 12 and Figure 13. The effectiveness contour plots for three density ratios
with a range of blowing ratios are presented in Figure 14. A nominal inlet purge MFR =
0.75% was chosen among all cases. For the inlet purge flow, coolant coverage seems to be
slightly reduced with increasing density ratio. Although the coolant is heavier at higher
density ratios, the coolant injection velocity (momentum) and coolant volume flow rate are
lower under the same MFR.

For the film holes and slashface at low blowing ratio (i.e., M = 0.5), increase the
density ratio may reduce the film coverage and effectiveness due to similar reasons for the
inlet purge flow. At medium and high blowing ratios (i.e., M =1 and 1.5), the film coverage
becomes wider and longer with increasing density ratio. The reason is that at low density
ratio and high blowing ratios, the coolant jet momentum is high, which allow the jet to
penetrate into the mainstream. This jet penetration or lift-off effect significantly reduces
the film-cooing effectiveness. When the density ratio increases, the jet momentum becomes
lower so that it is more likely to attach to the surface.

From the line plots shown in Figure 10, it can be seen clearly that the inlet purge
effectiveness (x/Cax < 0.3) decreases at higher density ratios DR = 1.5 and 2. The span-
wise averaged effectiveness for DR = 1.5 and 2 are almost identical. It can be a result of
the counteracting effects where lower volume flow rate reduce the film coverage and the
reduced momentum facilitate the coolant attachment. For the downstream side, increase
density ratio results in a negative effect in effectiveness at a low blowing ratio of M = 0.5.

On the contrary, at a high blowing ratio M = 1.5, higher density ratio leads to higher
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effectiveness. The transition of density ratio effects on the platform at the downstream
portion (x/Cax > 0.6) can be seen clearly from low blowing ratio M = 0.5 to medium and

high blowing ratios M =1 and 1.5.

2.7.5 Effect of Blowing Ratio

The contour plots in Figure 14 also show the blowing ratio effects for three different
density ratios at a fixed inlet purge MFR of 0.75%. The most interesting thing is that the
slashface coolant traces extend upstream with increasing blowing ratio. At the meantime,
the coolant jets coming out from the slash face have a higher tendency to penetrate into the
mainstream at higher blowing ratios, which results in a lower effectiveness. The results
indicate that a carefully designed blowing condition for the slash face has a great impact
on the platform film cooling. Both the film coverage and effectiveness change dramatically
with blowing ratio. At M = 0.5, a wedge shape trace can be seen at the downstream. This
is a typical result for a vane passage, where there is a stronger pressure variation from
leading to trailing edge for flow acceleration. For a blade passage, the main objective is to
create power, hence the pressure gradient from pressure side to suction side is stronger than
that in the vane passage. As the blowing ratio increase, the increased pressure in the
slashface plenum allow coolants to overcome the pressure on the blade endwall surface. At
DR =1and M =1 and 1.5, the slashface coolant almost merge with the inlet purge coolant

and provide exceptional protection between the slashface and blade suction side surface.
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Figure 14 Film cooling effectiveness contours for density and blowing ratio effects
under inlet purge MFR = 0.75% for cylindrical hole design. (Reprinted from Chen
et al. [2])
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Another interesting thing is that among all cases studied, the two backward
injection holes at the leading edge always lit up, which implies that the coolant came out
but detached from the surface. Only at M = 0.5, a scarce film from the two cooling holes
can be seen in the very leading edge portion. The film covers the immediate surroundings
of the holes and then gradually migrates toward the suction side. It eventually merges with
the inlet purge film. The vigorous turbulent mixing of the coolant and the mainstream by
the complex three-dimensional vortical structures at the blade leading edge significantly
reduced the effectiveness. Nevertheless, the results indicate a possible way to cool the
leading edge region with backward injection holes. At M = 1 and 1.5, it is likely that the
coolant jets directly shoot into the mainstream, leaving no traces around the holes.

For pressure side holes, coolants cannot eject from some of the film cooling holes
due to low momentum and low plenum pressure relative to the endwall surface pressure,
especially at a low blowing ratio (M =0.5). At M = 0.5, the first few holes near the pressure
side edge did not light up, which implies no coolant ejection and possible mainstream
ingression. As discussed earlier, coolant jets have a lower momentum at a higher density
ratio. This can explain why there were more pressure side edge holes lit up near the trailing
edge at M = 0.5 and DR =1 (three holes) than at M = 0.5 and DR = 2 (two holes). For other
film holes, generally, coolant traces become longer and narrower with increasing blowing
ratio. Lift-off effect of coolant jets can be seen from M = 0.5 to M = 1.5, especially at DR
=1.

The span-wise averaged effectiveness comparisons for blowing ratio effects are
presented in Figure 13. The benefit of increasing the blowing ratio becomes more

pronounced at DR = 2 than at DR = 1 in the mid-passage portion (x/Cax = 0.2 to x/Cax =
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0.8). It is due to the aforementioned mechanism: higher density ratio coolant has a reduced
tendency to lift off. For the downstream part (x/Cax > 0.8), effectiveness is higher at M =
0.5and DR = 1. For DR = 1.5 and 2, there are only small differences in effectiveness among

three blowing ratios.

2.7.6  Effect of Inlet Purge Swirl Ratio

Effects of inlet purge swirl ratio were assessed at MFR = 1%, DR = 1 and platform
film cooling M = 1. Two swirl ratios were examined: SR = 1 (non-swirled case) and SR =
0.6 (swirled case). Due to the circumferential velocity component of the coolant at SR =
0.6, the inlet purge flow possessed high momentum toward the blade suction side which
led to lower effectiveness values and a reduced coverage. As shown in Figure 15 (a), the
purge flow coolant trace for SR = 0.6 is more skewed than SR = 1. The area near the
slashface before the throat is less covered by the purge flow. The effect of the suction side
leg horseshoe vortex seems to be reduced by the swirled purge flow. At SR = 1, the
effectiveness at the edge of suction side endwall is around n = 0.5 (yellow). At SR = 0.6,
the purge coolant reaches the blade suction side surface and the effectiveness on the
endwall increases to about 1 = 0.6~0.65 (orange).

From the span-wise averaged data shown in Figure 15 (b), the inlet purge swirl ratio
has no effect on the downstream (x/Cax > 0.4) portion. For 0 < x/Cax < 0.3, the span-wise

averaged effectiveness drops apparently at SR = 0.6.
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Figure 15 Inlet purge swirl ratio effects on the platform film cooling for cylindrical
hole design: (a) contour plot and (b) spanwise-averaged plot. (Reprinted from Chen
et al. [2])
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2.7.7  Conclusions — Cylindrical Holes

Detailed static pressure and film cooling effectiveness measurements are presented
for a turbine blade endwall with upstream (swirl) purge slot, slashface gap, and discrete
film cooling holes using pressure sensitive paint (PSP) measurement technique. Parametric
effects were studied on coolant-to-mainstream density ratio (up to close engine condition
DR =2.0), inlet purge mass flow ratio (0.5% - 1%) and platform film cooling blowing ratio
(0.5 — 1.5). Inlet purge swirl effects were also studied at SR = 0.6. High resolution
effectiveness contours reveal important findings in backward injection near the blade
leading edge, upstream hole-gap interactions, swirl purge flow as well as the slashface
leakage flow. The main conclusions are drawn as follows:
Inlet Purge MFR Effect
The inlet purge MFR has a significant impact on the platform film-cooing near leading
edge x/Cax < 0.5. It provides superior film coverage on the endwall. Both the film coverage
and span-wise averaged effectiveness were greatly improved with increasing MFR.
Density Ratio Effect
The span-wise averaged effectiveness at inlet (x/Cax < 0.3) decreases at higher density
ratios (DR = 1.5 and 2) due to a reduced coolant coverage of purge flow. For the
downstream portion (x/Cax > 0.6), increasing density ratio has a negative effect on
effectiveness at a low blowing ratio M = 0.5, whereas it has a positive effect at a high
blowing ratio M = 1.5.
Blowing Ratio Effect on Slashface Film Cooling
Distribution of the coolant ejected from the slashface is highly dependent on the blowing

ratio. At M = 0.5, coolant only covers the downstream portion. The slashface leakage flow

38



coverage extends toward upstream with increasing blowing ratio, however, the
effectiveness may be lower due to turbulent mixing with mainstream. Upstream-hole and
gap interactions can be seen at M = 1 and 1.5, where film coverage of slashface leakage
flow is enhanced with the presence of a nearby upstream hole.

Blowing Ratio Effect on Endwall Film Cooling Holes

Low density coolant has a higher tendency to lift off from the surface, and vice versa. This
is valid for both the slashface leakage flow and film cooling holes. Generally, effectiveness
reduces as coolant lifts off and penetrate into the mainstream (at higher blowing ratios and
lower density ratios). Scarce film was seen near the backward injection holes at M = 0.5.
Film cooling holes at pressure side edge were inactive at a low blowing ratio M = 0.5, yet,
better coverage was achieved at M = 1.5. Film cooling protection near the pressure side
remains a challenge.

Inlet Purge Swirl Ratio Effect

The increased relative motion towards the blade suction side resulted in a more skewed
wedge shape coverage and a lower span-wise averaged effectiveness. Some of the high
momentum coolant impinges on the blade suction surface, brings about an elevated
effectiveness near the suction side edge. The influence of the suction side leg horseshoe

vortex is reduced. It has no effect at downstream after x/Cax > 0.4.
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2.8  Results and Discussion — Fan-Shaped Holes

Experimental results of adiabatic film cooling effectiveness will be presented in the
form of contour plots, laterally averaged line plots, or area averaged plots. The effects of
inlet purge mass flow ratio, swirl ratio, platform blowing ratio and density ratio will be

discussed.

2.8.1 Surface Static Pressure Distribution

The static pressure distribution was measured by pressure sensitive paint with the
test (endwall) plate installed under a fixed mainstream condition, as shown in Figure 16. A
high-pressure zone can be identified near the pressure side of the blade. The pressure
gradually decreases toward the suction side. This pressure gradient is the main driving
force of the strong cross flow inside the passage. It is also how work is produced by rotating
blades. The static pressure also decreases from upstream to downstream as the flow
accelerates. This two-dimensional surface pressure distribution greatly affects the
trajectories of coolant traces. There is a wedge shape low-pressure zone right after the
slashface near trailing edge. It can be attributed to flow trapping and recirculation after

passing through the slashface gap.
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Figure 16 Static pressure distributions without coolant injection for shaped hole
design (P is inlet total pressure). (Reprinted from Chen et al. [3])

2.8.2 General Observation

The inlet purge flow is more concentrated near the suction side due to a higher static
pressure near the pressure side endwall. There is only scarce film coverage near the mid-
chord pressure side edge as the coolant can hardly overcome the high static pressure.
Contrarily, for the downstream portion, discrete film cooling holes provide a much better
film coverage. Film cooling traces on the endwall are being swiped from the pressure side
toward the suction side by the strong cross flow. Coolant ejection from the slashface gap
forms a triangular shape trace that covers the downstream area between the gap and the
suction side edge at M = 0.5. The trace extends upstream as blowing ratio increases. The
upstream pressure side endwall remains a hard to cool region and the results suggest that

more cooling holes may be used to improve film coverage.
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2.8.3 Effect of Inlet Purge Mass Flow Ratio

The effect of inlet purge mass flow ratio was investigated at three different density
ratios and a platform average blowing ratio of 1. Detailed film cooling effectiveness
contours are shown in Figure 17. At a low inlet purge MFR (MFR = 0.5%), the coolant
only covers the upstream portion near the suction side. This is a result of the non-uniform
static pressure distribution as stated earlier. At higher MFRs, the coolant coverage
gradually extends toward the pressure side. However, it is still limited by the strong
secondary flows in the passage. Horseshoe vortex and passage vortex form a boundary
layer separation line from the pressure side leading edge to the mid-chord of the suction
side. This vortical structure prevents the purge flow coolant from migrating across the line.
There is also a low effective area near the suction side leading edge that is associated with
the downwash of the suction side leg horseshoe vortex.

Laterally averaged effectiveness values are shown in Figure 18. It can be seen that
increasing MFR has a strong positive effect on the effectiveness. The effectiveness is high
at the cascade inlet and then gradually decrease downstream. At a fixed density ratio, the
effectiveness curves at three different MFRs gradually merge together along x/Cax. The

inlet purge MFR effect diminishes at x/Cax = 0.5.
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Figure 17 Film-cooling effectiveness contours showing inlet purge MFR effect at DR
=1, 1.5, and 2. Platform M = 1 for shaped hole design. (Reprinted from Chen et al.

[31)
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Figure 18 Laterally averaged film cooling effectiveness showing inlet purge MFR
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design. (Reprinted from Chen et al. [3])
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Figure 21 Film-cooling effectiveness contours for density and blowing ratio effects
under inlet purge MFR = 0.75% for shaped hole design. (Reprinted from Chen et al.

[31)
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2.8.4 Effect of Density Ratio

Figure 19 and Figure 20 show the laterally averaged effectiveness for the density
ratio and blowing ratio effects, respectively. Figure 21 shows the effectiveness contour
plots for three density ratios and three blowing ratios at a fixed inlet purge MFR of 0.75%.
The purge flow film coverage reduces with increasing density ratio. This phenomenon can
also be seen in Figure 17. It can be explained by the lower coolant momentum and volume
flow rate at a higher density ratio for a fixed MFR.

For the film coverage provided by the fan-shaped holes, unlike the cylindrical
holes, density ratio effect is not that prominent. There is almost no difference among low
density ratio and high density ratio cases. It is because the shaped holes act like a diffuser
that reduce the coolant momentum, which facilitates coolant attachment. In another word,
the coolant momentum is already low even at a low density ratio. For the slashface gap
leakage flow, the film coverage slightly increases with increasing density ratio at a high
blowing ratio of M = 1.5. However, the effect is small at M = 0.5 and 1.

From the laterally averaged line plots in Figure 10, it can be seen clearly that the
density ratio has a negative effect on the purge flow effectiveness (x/Cax < 0.3). Yet, the
difference is small between DR = 1.5 and 2. The reason is that the coolant possesses much
higher momentum at DR = 1 than DR = 1.5 and 2, which could overcome high surface
static pressures and extend coolant coverage. For the downstream portion (x/Cax > 0.3),
density ratio has a negative effect on film cooling effectiveness at low and medium blowing
ratios (M = 0.5 and 1). At M = 1.5, density ratio has nearly no effect on the effectiveness
and it is a combined result of a slightly reduced film coverage and a slightly increased local

effectiveness as DR increases from 1 to 2.
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2.8.5 Effect of Blowing Ratio

Blowing ratio plays an important role in platform film cooling as can be seen from
the contour plots in Figure 21. For the slashface leakage flow, coolant accumulates near
the downstream portion and forms a triangular shape film at a low blowing ratio of M =
0.5. As blowing ratio increases to M = 1 and 1.5, the coolant trance extends upstream and
covers more area between the slashface and the suction side endwall. This is quite different
from the typical results of a vane cascade, where coolant traces are confined in the
downstream portion owing to a relatively high stream-wise pressure gradient. In a rotor
blade passage, the lateral pressure gradient is greater than the stream-wise pressure gradient
as shown in Figure 16. As blowing ratio increases, a higher pressure in the plenum allows
coolant to overcome the pressure on the endwall surface. As a result, the coolant coverage
spreads upstream. On the other hand, the effectiveness of the slashface leakage flow
slightly decreases from M =1 to M = 1.5. It can be explained by the fact that the coolant
jets possess higher momentum at M = 1.5 and penetrate deeper into the mainstream.

For the two backward injection holes located at the pressure side leading edge
endwall, coolant ejects from the holes under all test conditions. The coolant covers the
diffuser shape area of the holes and then migrates toward suction side. Both effectiveness
and film coverage increase with increasing blowing ratio. The coolant coverage expands
upstream of the holes at higher blowing ratios. Despite the fact that upstream injection may
lead to higher pressure loss, the results demonstrate an approach to cool the leading edge
region adequately with backward injection shaped holes.

For film cooling holes near the pressure side edge, a high blowing ratio (M = 1.5)

is needed to ensure coolant discharge. At low blowing ratios (M = 0.5 and 1), high static
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pressure near the pressure side edge inhibits coolant discharge. Those cooling holes without
coolant discharge have zero effectiveness (cannot be seen from the contours). It also
implies possible mainstream ingression that is undesirable and can be dangerous for an
operating engine. As discussed earlier, coolant jets have a lower momentum at a higher
density ratio. This can explain why there are more pressure side edge holes lit up near the
trailing edge at M = 0.5 and DR = 1 (three holes) than at M = 0.5 and DR =2 (two holes).
The same trend can be seen for M = 1 and 1.5. For other cooling holes, generally, coolant
traces become wider and longer with increasing blowing ratio.

The laterally averaged effectiveness comparisons for blowing ratio effects are
presented in Figure 20. The difference for the upstream portion (x/Cax < 0.2) is negligible
since the effectiveness variations of the backward injection holes are small. At DR =1,
there is small difference between M = 1 and 1.5. At DR = 1.5 and 2, higher blowing ratio
results in higher effectiveness. A low blowing ratio of M = 0.5 always provides least

coverage and effectiveness.

2.8.6  Effect of Inlet Purge Swirl Ratio

Purge flow swirl ratio (SR) effects were studied at a specific condition of MFR =
1%, DR = 1, and a platform blowing ratio of 1. Figure 22 (a) shows the effectiveness
contours for SR = 1 (non-swirled case) and 0.6 (swirled case). At SR = 0.6, the coolant jets
have a circumferential velocity component toward the blade suction side, which reduces
the film coverage as well as the effectiveness. From the laterally averaged plot shown in
Figure 22 (b), the purge flow swirl ratio does not affect the effectiveness downstream of

x/Cax = 0.4. For x/Cax < 0.4, the effectiveness at SR = 0.6 is lower than that of SR = 1.
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Figure 22 Inlet purge swirl ratio effects on the platform film cooling effectiveness at
MFR = 1%, platform M =1 and DR =1 for shaped hole design: (a) contour plot and
(b) laterally averaged plot. (Reprinted from Chen et al. [3])
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2.8.7 Conclusions — Fan-Shaped Holes

Detailed film cooling effectiveness measurements are presented for a turbine blade
platform with upstream (swirl) purge slot, slashface gap, and discrete fan-shaped holes
using PSP measurement technique. Several important parameters were studied: purge flow
MFR (0.5% - 1%), coolant-to-mainstream density ratio (up to engine like condition, DR =
2), platform film cooling blowing ratio (M = 0.5 - 1.5), and purge flow swirl effect. Some
of the main conclusions are listed below:
(1) Purge flow provides superior film coverage particularly at the upstream suction side
portion. Film coverage and laterally averaged effectiveness were greatly improved with
increasing MFR. The MFR effect can be seen at x/Cax < 0.5.
(2) Laterally averaged effectiveness at x/Cax < 0.3 slightly reduces as DR increases.
For x/Cax > 0.3, similar effect can be seen at M = 0.5 and 1. It can be attributed to the
reduced momentum and coolant volume flow rate at higher DRs. At M = 1.5, however, no
significant difference in laterally averaged effectiveness at x/Cax > 0.3.
3) Coolant coverage of the slashface ejection is highly dependent on the blowing ratio.
At M = 0.5, coolant accumulates near the downstream portion and forms a triangular trace.
At higher blowing ratios, coolant trace extends further upstream, however, the
effectiveness value may be lower as M increases from 1 to 1.5 due to stronger mixing with
mainstream. An upstream hole nearby the slashface could promote downstream film
cooling under some conditions.
4) Generally, a higher blowing ratio leads to higher film cooling performance for

forward/backward film cooling holes. At lower blowing ratios, some of the pressure side
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edge holes remained inactive. Film cooling near the pressure side edge remains a challenge
due to limited film coverage.
(%) Elevated swirl motion of the purge flow results in a narrower coverage and a lower

laterally averaged effectiveness.

2.9  Results and Discussion — Comparison Between Cylindrical and Fan-Shaped
Hole Designs

Area-averaged film cooling effectiveness values for three blowing ratios at three
different density ratios were derived and compared, as shown in Figure 23. The area-
averaged results are calculated (pixel by pixel) from x/Cax = 0.3 to 1.2 to highlight the
combined effects of discrete film cooling holes and the slashface film cooling. In other
words, the influence of the purge flow is minimized. x/Cax = 0.3 is located at the first
pressure side edge hole exit (Group 2). Square, circular, and triangular symbols are used to
represent data at DR =1, 1.5, and 2, respectively. Solid symbols are used for results of fan-

shaped holes while open symbols are used for results from cylindrical holes.
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Figure 23 Area-averaged effectiveness comparison between cylindrical and fan-
shaped holes. (Reprinted from Chen et al. [3])

There are nine data points for each hole geometry. At M = 0.5, all data points fall
within Nareaave. = 0.11 to 0.15. Under such low blowing ratio, cooling holes near the pressure
side edge provide no coverage and coolant accumulates near the downstream portion. At
higher blowing ratios, shaped hole clearly outperforms cylindrical hole. At DR = 1,
effectiveness drops slightly for the cylindrical hole as blowing ratio increases from 1 to
1.5. It can be explained by the coolant lift-off effect of cylindrical holes and the slashface
gap. For the shaped hole, the effectiveness remains at around narea ave. = 0.25. At DR = 1.5,
the effectiveness increases for both geometries as blowing ratio increases from 1 to 1.5.
Yet, the increment in effectiveness is reduced as compared with the increment from M =
0.5to 1. At DR =2, the area-averaged effectiveness seems to increase linearly with blowing

ratio for both geometries. A higher effectiveness level can be expected at even higher
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blowing ratios. The results indicate that shaped hole is a better choice in terms of platform
film cooling. Under a density ratio that is close to engine conditions, a higher blowing ratio
is desired for better film cooling performance.

The area-averaged effectiveness values are also plotted against momentum flux
ratio (I) as shown in Figure 24. Dashed lines are the second order polynomial fitting of
each hole shape at each DR. Solid lines are the second order polynomial fitting for all (nine)
data points of each geometry. We can see that the effectiveness is low at 0.1 <1< 0.2
regardless of hole geometry. Effectiveness increases (almost linearly) with increasing
momentum flux ratio for both designs at DR = 2. As stated earlier, a higher effectiveness
can be expected at higher I for both geometries at DR = 2. The data for shaped hole seems
to be correlated better than the cylindrical hole. It may be explained by the fact that for
cylindrical hole design, the slashface gap dominates the area-averaged effectiveness. The
coolant coverage from the slashface gap may be larger than the coverage offered by all
cylindrical cooling holes. From the solid trend lines, an optimum momentum flux ratio was
seen at [ = 1.65 for shaped hole design and I = 1.35 for cylindrical hole design. Also, the

difference between the trend lines keeps increasing with increasing momentum flux ratio.
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Figure 24 Area-averaged effectiveness comparison between cylindrical and fan-
shaped holes versus momentum flux ratio. (Reprinted from Chen et al. [3])
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2.10 Summary — Platform Film Cooling

Parametric effects on the purge flow MFR, purge flow swirl ratio, and the blowing
and density ratios on the endwall film cooling with slashface gap, backward injection holes,
and discrete cylindrical or fan-shaped holes have been studied and reported. Besides the
individual film cooling characteristics of each cooling feature, the shaped hole design
generally offers better film cooling performance than the cylindrical hole design. This is
also true for backward injection holes near the leading edge. At DR = 2, area-averaged
effectiveness increases almost linearly with increasing blowing ratio and momentum flux
ratio for both hole geometries. As a result, higher effectiveness can be expected at M > 1.5
or [ > 1.1 for density ratio 2 cases. Finally, shaped hole design seems to be better correlated
with momentum flux ratio and has a delayed lift-off at I = 1.65. Effectiveness values
between the two designs diverge with momentum flux ratio according to the second-order

polynomial fit.
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3. HEAT TRANSFER IN A ROTATING TWO-PASS RECTANGULAR CHANNEL

FEATURING A CONVERGING TIP TURN WITH RIB COVERAGE EFFECTS

3.1 Literature Survey

Gas turbine engines are widely used for aircraft propulsion, land-based power
generation, and numerous industrial applications. The efficiency of such technology is,
therefore, a paramount issue for gas turbine researchers and designers. To achieve a higher
thermal efficiency, one way is to increase the turbine inlet temperature (TIT) based on the
working principle of gas turbine engines. The TIT of an advanced gas turbine engine has
reached the 1600 °C level in around 2010. The combined cycle thermal efficiency of such
engine has reached around 60%. Under this high TIT, it is imperative to properly cool the
gas turbine components to ensure the safety and reliability of the engine.

The thermal load and temperature of a turbine airfoil can be reduced by two active
cooling mechanisms: internal cooling and external (film) cooling. For internal cooling,
high-pressure air at a much lower temperature from the compressor stage is sent to the
internal passages of the airfoils. Heat is removed from the internal surfaces to the cooling
air (coolant). Several techniques can be used to increase the heat transfer (HT) rate inside
the passages, including artificially roughened surfaces (ribs or pin-fins) and jet
impingement cooling. Several parameters that would affect the internal HT of the cooling
channels have been identified, such as channel geometry and aspect ratio, rib configuration,
rotation, 180 deg turn and turn geometry, and Reynolds number effects. A comprehensive
review of various effects on internal HT can be found in Han [56], Han et al. [1, 57], and

Ligrani [58].
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3.1.1 Early Studies and Channel Geometry/Rib Effects

Heat transfer inside a serpentine internal cooling channel is complicated by nature.
It is dependent on many parameters that may be intercorrelated with each other. Studies on
these combinations of parameters are important to an improved cooling design. Some early
studies focused on the rotation effect on heat transfer in a straight, smooth circular tube
[59-61] due to the early designs (in the 1970s). In the 1980s, square or rectangular cooling
channels were studied extensively as the internal cooling design evolved. Han et al. [62-
64], and Park et al. [65] studied the heat transfer and pressure drop in rectangular channels
with various aspect ratios (AR = 1:4 to 4:1) and rib configurations (o = 30-90 deg) in a
straight channel under stationary condition. The results suggest that higher heat transfer
performance was obtained with P/e = 10 and 45-60 deg ribs for narrower AR channels and
30-45 deg ribs for wider AR channels. Detailed heat transfer enhancement contours on the
60 deg rib-roughened internal surfaces were reported by Ekkad et al. [66]. Detailed heat
transfer distributions on the leading and trailing surfaces, outer walls and tip wall with 45
deg ribs were obtained using computational fluid dynamics (CFD) by Schiiler et al. [67].
These works offer an insight into the local heat transfer enhancements that are induced by

angled ribs.

3.1.2 Rotational Effects in a Smooth Channel

Heat transfer in internal cooling passages can be significantly different under
rotating condition. Also, serpentine cooling channels are typically used in an advanced
turbine airfoil. Some early studies such as Wagner et al. [68, 69] and Han et al. [70],

measured heat transfer in a multi-pass square channel with smooth walls under rotating
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condition. It can be concluded that, for radially inward flow, heat transfer is enhanced on
the leading surface and reduced on the trailing surface; for radially outward flow, heat

transfer is reduced on the leading surface and enhanced on the trailing surface.

3.1.3 Rotation Effects in Ribbed and High Aspect Ratio Channels

Numerous studies on the rotation effect on heat transfer in a multi-pass rib-
roughened channel with various channel aspect ratios can be seen in the open literature,
such as Taslim et al. [71], Wagner et al. [72], Fu et al. [73], Lei et al. [74], and Huh et al.
[75]. Different rib configurations under various flow and rotating conditions were
investigated. The general conclusions from the above studies indicate that the heat transfer
in rib-roughened wall passages has similar but reduced rotation-induced effects on the
leading and trailing surfaces than the smooth wall passages. For high aspect ratio channels
(AR =4:1) in particular, Griffith et al. [76] studied the heat transfer in an open end channel
(smooth and 45 deg rib) for Ro up to 0.3. They found a higher heat transfer enhancement
in ribbed channel compared to lower AR cases. The leading surface has a lower dependence
to rotation than the trailing and side surfaces. Saha and Acharya [77] numerically studied
the detailed flow and heat transfer characteristics in ribbed passages. They found that the
4:1 AR duct shows the evidence of multiple rolls in the (rotation induced) secondary flow
that reduces the difference between the leading and trailing wall heat transfer compared to
lower aspect ratio cases. Zhou and Acharya [78] experimentally investigated heat transfer
in a two-pass 4:1 AR channel with 45 deg ribs and a U-bend with a wide range of Reynolds

number and rotation number.
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3.1.4 180 degree Turn Effects

In a multi-pass channel, the geometrical design of the 180 deg turn has significant
impacts on heat transfer in and after the turn portion. Han et al. [79] reported detailed
heat/mass transfer distribution around a 180-deg sharp turn in a two-pass square channel
using the naphthalene sublimation technique. Results showed that heat transfer was greatly
enhanced after the 180 deg sharp turn for both smooth and ribbed channels. Flow
measurements using particle image velocimetry (PIV) technique in ribbed channels with
180-deg sharp turn were carried out by Schabacker et al. [80]. Complicated rib-induced
and turn-induced secondary flows were observed in the 180-deg sharp turn region. Under
rotating condition, the combined effect of rotation and turn further increases the complexity
of the flow and heat transfer. Cheah et al. [81] measured the flow field in a channel with
180 deg U-bend under rotating condition using the laser-Doppler anemometry (LAD).
They found that rotation can change the mean and fluctuating motion of the flow
substantially within and downstream of the sharp U-bend. Liou and Chen [82] measured
the heat transfer coefficients and flow fields inside a rotating two-pass rectangular smooth
channel with a 180 deg turn. The results show that the turn-induced secondary flows and
the turbulence enhancement associated with the unsteadiness of the separation bubble
downstream of the sharp turn are the cause of the significant heat transfer increment in the

second passage.

3.1.5 Studies with a Varying Aspect Ratio Channel
All of the above-mentioned studies with multi-pass channels were performed inside

a channel with a constant cross-sectional area and aspect ratio for all passages. However,
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the cross-sectional area and aspect ratio of a serpentine internal cooling channel are found
varying in a real gas turbine engine airfoil. More recently, studies on heat transfer in a
multi-pass channel with engine-similar channel geometries can be seen in the open
literature. Under stationary condition, Eifel et al. [83] examined the flow and the heat
transfer in an engine-like model with four different internal cooling geometries
numerically. Jenkins et al. [84] studied the effects of ribs and tip wall distance on heat
transfer in a two-pass channel with AR = 1:2 (W:H) inlet and 1:1 outlet using transient
liquid crystal technique. CFD simulations were performed by Siddique et al. [85, 86] to
compare with the results of Ref. [84]. Under rotating condition, Schiiler et al. [87]
investigated the effect of rotation on fluid flow and heat transfer in an engine-similar two-
pass internal cooling channel with smooth and ribbed walls using CFD simulation. The
channel featured a trapezoidal inlet pass and a nearly rectangular outlet pass. Rallabandi et
al. [88] and Yang. et al. [89] experimentally investigated the heat transfer in a rotating large
scale blade shape serpentine coolant passage at high Reynolds numbers or low Mach
numbers. Wu et al. [90] and Yang et al. [91] reported effects on heat transfer in a rotating
multi-pass channel with a gradually expanding hub turn and a turning vane and trailing

edge ejection.
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3.2 Objectives

There is a limited number of studies on engine-similar channel geometries. Among
these studies, research with a reduced cross-section and aspect ratio after the turn is scarce.
In the present study, a more generalized two-pass rectangular channel with AR =4:1 in the
first pass (radial outward flow) and AR = 2:1 in the second pass (radial inward flow) is
proposed to simulate the varying cross-section design in a real engine. Flow acceleration
and compression at the 180 deg tip turn will be induced with the current model. Flow
velocity and streamlines in the baseline smooth surface case will be visualized with a
simple CFD simulation. Roughened surfaces with 60 deg angled ribs as well as 45 deg
angled ribs with various rib coverage near the tip turn portion have been considered.
Experimental results on the effects of rotation on heat transfer and pressure loss under a
broad range of Reynolds number (Re = 10k-70k) and rotation number (Ro = 0-0.39) will

be presented.

33 Experimental Setup and Design
3.3.1 Test Conditions and Rotating Facility

The rotation number (Ro) is used to evaluate the degree of Coriolis force inside the
test channel. It is derived from the ratio between the Coriolis force and the inertia force and

is defined in Eq. (4):

Ro = (QDy)/U, (4)
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where Q is the rotational speed, Dn is the hydraulic diameter, and Uy is the bulk fluid
velocity. The rotation number and Reynolds number in a typical aircraft or land-based gas
turbine engine range from 0 to 0.5 and 10,000 to 100,000, respectively, depending on the
design and operating conditions. For a safe operation under a laboratory setting, the
rotational speed and the dimension of the test section are usually limited. To achieve the
high rotation numbers as seen in the engine, the bulk fluid velocity should be reduced. For
the present study, experiments were done under a pressurized condition. The air pressure
at the test section inlet was maintained at 570 kPa (68 psig). With this high pressure, the
density of the coolant air will be increased, and hence the bulk velocity will be reduced.
Eight Reynolds numbers were tested (10,000 to 70,000 in the first passage and 16,000 to
114,000 in the second passage). At each Reynolds number, five rotational speeds from 0
rpm (stationary) to 400 rpm were considered. Detailed Reynolds numbers, rotational
speeds, and the corresponding rotation numbers for both passage 1 and passage 2 are listed

in Table 4 and Table 5, respectively.
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Table 4 Test conditions and corresponding Ro numbers in the first passage

p

Reynolds number (*107%)

10

15

25

35

45

55

65

70

0

0

0

0

0

0

0

0

0

100

0.10

0.07

0.04

0.03

0.02

0.02

0.02

0.01

200

0.20

0.13

0.08

0.06

0.04

0.04

0.03

0.03

300

0.29

0.20

0.12

0.08

0.07

0.05

0.05

0.04

400

0.39

0.26

0.16

0.11

0.09

0.07

0.06

0.06

Table 5 Test conditions and corresponding Ro numbers in the second

p

Reynolds number (*107?)

16

24

41

57

73

90

106

114

0

0

0

0

0

0

0

0

0

100

0.04

0.03

0.02

0.01

0.01

0.01

0.01

0.01

200

0.08

0.05

0.03

0.02

0.02

0.01

0.01

0.01

300

0.12

0.08

0.05

0.03

0.03

0.02

0.02

0.02

400

0.16

0.11

0.06

0.05

0.04

0.03

0.02

0.02

The rotating arm facility used to conduct the experiments was supported by a heavy
steel table, as shown in Figure 25. A 25 hp electric motor was used to drive the vertical
rotating shaft that located at the center of the table. There are two horizontal arms that
extend from the vertical shaft. A steel pressure vessel enclosing the test section is attached
to the end of an arm. An adjustable counterweight was fixed to the other arm for balance
under rotation. Compressed air was supplied by a 125 psig compressor. The mass flow rate
was controlled by a regulator and measured by an ASME square-edge orifice meter. Air at
a certain mass flow rate then enters the rotating assembly from the bottom of the shaft
through a rotary union, passes through the internal channel in the shaft and the arm. A

rubber hose is used to direct the air from the arm to the test section pressure vessel. The
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hot exhaust air exits the pressure vessel through another rubber hose and is directed to a
copper tube that connects the rubber hose and the top rotary union through the center bore

of the slip-rings. A needle valve at the downstream of the top rotary union is used to control

the inlet pressure of the system.

| Slip rings
Back pressure o
regulator

Counter
-weight

Test section .~

pressure vessel Motor

Rotary union

Figure 25 Schematic of the rotating test facility
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3.3.2 Test Section and Rib Design

The design of the test section inside the pressure vessel is illustrated in Figure 26.
The radial distance from the rotation axis to the center of the test section is 635 mm. The
two-pass model has two passages and a 180 deg tip turn. The leading surface of the test
section is removed to show the complete assembly of the inner wall, outer wall, tip wall
and the trailing surface as viewed from the leading side to the trailing surface. All lengths
are non-dimensionalized by the rib height (e) as indicated in Figure 26. The height of the
channel remains constant at 6.4e. The coolant air enters the test section through a circular
hole on the test section adaptor, then readily enters the expansion section at the inlet. There
are three layers of wire meshes inside the expansion section to expedite the flow
distribution. The flow then enters the AR = 4:1 rectangular channel (radial outward flow,
channel width = 25.6¢). After the 180 deg tip turn, the flow enters the second passage with
an aspect ratio of AR =2:1 (radial inward flow, channel width = 12.8e). The second passage
is connected to the exit duct with a 180 deg hub turn to simulate the flow exit condition.
The spent air exits from the exit duct and enters the pressure vessel. After circulating in the

pressure vessel, the flow exits through two exit holes on the adaptor to the outlet piping.
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(Leading surface is removed,
lengths are normalized by the rib height “e”)
76.8 ~ 36.0

Exit Flow

Direction

. \ of Rotation
Pressure Vessel \ Inner (Divider) Wall Adaptor

* Thermocouple e Pressure Tap

Figure 26 Schematic figure of the test section as viewed from the leading side to the
trailing surface (with 60 deg angled ribs)
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The inner wall (or divider wall) has a width of 8.0e. The distance between the tip
of the divider wall and the tip wall is 16.0e. The length of the unheated expansion zone at
the inlet is 36.0¢ and the length of the heated zone is 76.8¢. The body of the test section is
made of Garolite G-10 through machining. The heated zone is divided into 6 regions in the
radial direction and the radial distance of each region is 12.8e. The test section is divided
into 12 regions in the streamwise direction as indicated in Figure 26. Regions 6 and 7 near
the tip is divided along the centerline of the inner wall. Copper plates (thickness = 2¢) are
placed in each region and there is a gap (0.5¢) filled by insulation material between each
copper plate to prevent thermal conduction. Copper plates and heaters are installed on all
surfaces of the channel within the heated zone, including regions 1 to 4 and 9 to 12 on both
sides of the inner wall. As a result, there are total 46 regions and copper plates. One
thermocouple is affixed inside the blind hole (0.79 mm in diameter) located at the center
of each copper plate from the back side by a high thermal conductivity epoxy (OB-101,
OMEGA Engineering, Inc. Norwalk, CT). Total 46 thermocouples are used for 46 copper
plates to monitor the wall temperatures. Two thermocouples are placed at the inlet and
outlet respectively for flow temperature measurement. Total 9 Kapton heaters (Heater
Designs, Bloomington, CA) are used to heat the internal surfaces: leading surface, trailing
surface, outer surface, and inner surface for both passage 1 and passage 2 plus the tip
surface. The heaters are securely attached on the backside of the copper plates by a thin
layer of pressure-sensitive adhesive. In addition to temperature measurements, a total of
four pressure taps are installed on the LS and TS near the inlet and outlet of the test section

for pressure measurements.
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Config. 1 Config. 2 Config. 3

SUARNY

(a) (b) (c)
Figure 27 Rib designs for the 45 deg angled rib with various rib coverages near tip
turn. (a) less coverage (Config. 1) (b) medium coverage (Config. 2) and (c) full
coverage (Config. 3)

A total of five different test section configurations were studied, including the
baseline smooth surface case, the 60 deg parallel rib case and the 45 deg parallel rib with
less, medium and full coverages near the 180 deg tip turn (Figure 26 and Figure 27) For
the rib-roughened case, 60 deg or 45 deg parallel ribs were placed on the leading surface
and trailing surface in both passage 1 and passage 2 (inline, not staggered). For the 60 deg
rib and 45 deg medium rib coverage cases, the ribs only cover up to the tip of the inner
wall, leaving regions 6 and 7 without ribs and regions 5 and 8 partially covered. For the 45
deg less rib coverage case, two ribs near the turn in both passages are removed (on either
the LS or the TS) as shown in Figure 27 (a). For the 45 deg full rib coverage case, the ribs

cover the entire LS and TS, as shown in Figure 27 (c).
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The cross-sectional profile of the rib is shown in Figure 28. The rib height is
denoted as “e”. The base of the rib is 2e wide. The ribs were fabricated by direct metal
laser sintering (DMLS) using aluminum-based powder (AlSil0Mg), with a thermal
conductivity of 120-180 W/m/K. The resolution was + 0.05 mm in the X-Y direction and
0.15 mm in the Z (rib height) direction. The 3-D printed parts were later machined to the
desired dimension. The thickness of the two sharp edges is around 0.08¢ and is limited by
machinability. The pitch over rib height ratio is p/e = 10. Ribs are attached to the smooth
surface by a thin layer (glue thickness = 0.04-0.05 mm) of super glue (Loctite 414). The

thickness of the glue is so thin that the thermal resistance is considered small and negligible.

Figure 28 Rib cross-sectional profile

3.3.3 Instrumentation and Data Acquisition
T-type thermocouples were used for wall temperature and fluid temperature
measurements. T-type thermocouple pin and socket connectors (SMTC-CU and SMTC-

CO, OMEGA Engineering, Inc.) were used for all thermocouple wire connections. Two
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pressure transducers were used to measure the static pressure at the inlet. Another two high
accuracy pressure transducers were used to measure the pressure drops on the LS and TS,
respectively. A multi-channel data acquisition system (cDAQ-9188, National Instruments,
Austin, TX) with temperature (NI-9213, National Instruments) and pressure (NI-9219,
National Instruments) modules was mounted on the rotating frame. An industrial grade
wireless router (MOXA AWK-3121, Taiwan) was used to transmit real-time temperature
and pressure data wirelessly to a remote computer. All electronic components are installed
very close to the rotating shaft to minimize the centrifugal acceleration. A 50-channel slip
ring was used to transmit power to the heaters and electronic equipment. Nine individual
variable transformers were used to supply power to each heater. The voltage applied to
each heater was measured by a digital multimeter. A DC power supply was used to power

the onboard electronics.

34 Experimental Method and Data Reduction

The copper plate method is used to measure the regionally averaged heat transfer
coefficient. The averaged heat transfer coefficient (h) for each region (n) can be expressed
by Eq. (5), where the Qnetn is the net power input, An is the smooth surface (projected) area
of the copper plate, Tw.n is the wall temperature, and Thetn is the bulk fluid temperature. At
each region, Tw,n was measured by the thermocouple inside the copper plate and Thetn was

interpolated from the inlet and outlet fluid temperatures.

Qnet,n

h, =
" An(Tw,n - Tb,n)

()
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The net power input (Qnetn) of each copper plate is calculated as the total power
input to each heater times the ratio of the copper plate surface area (An) to the summation
of all copper plate surface areas associated with that heater (3>_An), minus the heat loss at
region n (Qioss,n), as shown in Eq. (6). The power of the heater is calculated by the square
of the voltage (V) divided by the resistance of the heater (R). The temperature dependence
of the heater resistance was small and assumed negligible (less than 1 % for 7 out of 9

heaters under elevated temperature).

Quetn = <V7> (52-) - Qs ©)

To estimate the heat loss, several steps were taken with two key assumptions. First,
steady state heat losses under a no-flow condition at both high and low power inputs were
obtained at five rotational speeds (0 to 400 rpm). Heat loss will be increased under rotating
condition. Thus, it is necessary to perform heat loss test at all rotational speeds. The wall
temperatures of each region at both high and low power under equilibrium condition were
recorded. The average wall temperature of all regions under high and low power inputs
was about 59 deg C and 40 deg C, respectively. Wall temperatures during the HT test will
be maintained within this range. The heat fluxes at two different power inputs for each
region were also recorded. The heat loss at region n under no-flow condition (Qioss,no-flow,n)
can then be estimated by linear interpolation using the wall temperature during the HT test.

However, during the test, the spent air was exhausted into the space between the test section
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and the pressure vessel from the exit duct. The convection inside the pressure vessel
changed from natural convection (in the no-flow calibration) to forced convection (in real
testing). It is nearly impossible to derive the local heat transfer coefficients (HTC) on the
external surfaces of the test section under test condition. As a result, it is assumed that the
forced convection HTC under test condition is the natural convection HTC under the no-
flow calibration condition times a scaling factor (o) for each region. It can be expressed by
Eq. (7). Where o is a scaling factor and the value will be varied at different Reynolds
numbers and rotational speeds. It is also assumed that the o is the same for all regions under

a particular test condition.

hforced,n = o_hnatural,n ,foralln (7)

From the above assumptions, the regional heat loss can be expressed by Eq. (8).

Qloss,n = UQloss,no—flow,n (8)

To derive 6 under each test condition, the following equation Eq. (9) is used. Where
m is the coolant mass flow rate (kg/s) and Cp is the averaged heat capacitance (1005 J/kg/K)
of the coolant. Toutlet and Tintet are the fluid temperatures measured at the outlet and inlet,

respectively.
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9 46
V2 .
Z ? = [me (Toutlet - Tinlet)] + 0 X Z Qloss,no—flow,n (9)
1 n=1

With Eq. (5) — Eq. (9), the HTC at each region can be derived. The Dittus-Boelter
correlation for heating is used to calculate the Nusselt number (Nuo) for fully developed
turbulent flow inside a smooth circular pipe. It is used as a reference for heat transfer

enhancement (Nu/Nuo ratio) in the current study. The regional Nu/Nuo ratio is given by Eq.

(10):

() = (/) (10)
Nuy/,,  0.023Re®8pPr0+

The HTC is obtained from Eq. (5). The hydraulic diameter (Dn) and Reynolds
number (Re) are based on each passage. The thermal conductivity of air (k) is based on the
local bulk air temperature (Tnetn). To evaluate the rotation effect on heat transfer, the
Nusselt number obtained under rotating condition is divided by the Nusselt number
obtained under stationary condition (Nus).

Pressure drops across the two-pass channel are measured under non-heating
condition for both configurations under stationary (Ks) and rotating (Kr) conditions. The

pressure loss coefficient is defined in Eq. (11):

1
K = (Piee = Pouctet)/ (3005 (i

ave
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Where (Pintet — Poutlet) s the static pressure difference between the channel inlet and outlet
on either the LS or TS. (pUb*/2)ave is the average fluid dynamic pressure of the two

passages, i.e. (p1Ub1%/2 + p2Us2%/2)/2.

3.5  Experimental Uncertainty

The uncertainty of the flow Reynolds number was + 4.3% at Re = 10k and + 0.5%
at Re = 70k. This indicates the fluctuation of the coolant mass flow rate. The uncertainty
of temperature measurement and power measurement were estimated at + 0.2 °C and +
3%, respectively. The uncertainty in heat transfer coefficient measurement disregarding
the heat loss and flow fluctuation was below 4.5%. In terms of heat loss, the total heat loss
accounts for about 31% of the total power input at the lowest Reynolds number (Re = 10k)
and 14% at the highest Reynolds number (Re = 70k), for the smooth case under stationary
condition. The heat loss percentage was relatively high due to the forced convection inside
the pressure vessel. Considering the two assumptions made for the heat loss estimation, an
additional uncertainty of 20% is assumed for the estimated heat loss. Now the heat loss
contributes about 30%*20% = 6% error for Re = 10k and 14%%*20% = 2.8% for Re = 70k,
then the overall uncertainty goes up to around 10.3% for Re = 10k and 5.1% for Re = 70k.
The uncertainties for the inlet static pressure and channel pressure drops are 0.25% and
0.08%, respectively. The resultant uncertainty in the loss coefficient is below 5% for most
of the cases studied. Uncertainties are estimated using the method proposed by Kline and

McClintock [55].
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3.6 Test Matrix

As discussed in section 3.3.1 and 3.3.2, there are five different rib configurations
including the smooth surface case. For each configuration, 8 Reynolds numbers varied
from 10k to 70k at 5 rotational speeds from 0 to 400 rpm were tested. As a result, there are

a total of 5*8*5 =200 test cases.

3.7  Results and Discussion — Smooth Surface and 60 deg Angled Ribs

Heat transfer results in terms of Nusselt number ratios will be presented for both
smooth surface and 60 deg rib-roughened surface under stationary and rotating conditions.
Reynolds number (Re) from 10k to 70k and rotation number (Ro) from 0 to 0.39 were
covered. The heat transfer characteristics of an internal cooling channel featuring varying
aspect ratio (AR =4:1 to 2:1) and a converging 180 deg tip turn will be discussed. Smooth
surface results with a simple CFD simulation will be presented in the first part followed by
the 60 deg rib-roughened results in the second part. Data validation is provided and

discussed for both configurations. Pressure loss coefficient results are presented in section

3.9.

3.7.1 Smooth Surface Results

CFD simulation was performed at a medium Reynolds number (Re = 45k) for the
smooth wall under stationary condition. Streamlines at the middle plane between the LS
and TS are shown in Figure 29. The simulation was run using the commercial software
ANSYS Fluent v17.2 and the realizable k-¢ (Menter-Lechner) model. A uniform velocity

inlet and a pressure outlet were assumed. The grid sensitivity test has been performed and
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the final model has a total 2.07 million cells. The velocity is normalized by the inlet
velocity. The flow is uniform near the inlet, then it starts to deflect in regions 5 and 6 due
to the tip turn. The turn induced two circulation bubbles inside the two-pass channel. One
is located at the corner between the tip wall and outer wall in region 6. The second one is
located at the inner wall right after the turn in regions 8 and 9. Unlike traditional constant
cross-section and aspect ratio channels, the current reduced cross-section design induced
flow acceleration in and after the turn. The accelerating flow has three major effects. The
first effect is that the corner vortex which can normally be seen in the second passage of a
two-pass square duct is diminished (between the tip wall and outer wall in region 7).
Secondly, the size of the circulation bubble (or flow separation) that can be typically seen
near the inner wall after the 180 deg turn [82] is significantly reduced. Thirdly, the
accelerated flow is expected to elevate the heat transfer coefficients in the second passage.
However, the relative heat transfer enhancement (Nu/Nuo, based on the second passage) is
reduced due to the relatively weakening of the secondary flows compared to constant AR
channels. It seems that the accelerating flow in this converging 180 deg bend reduced the
flow instability and turbulence intensity. Flow impingement on the tip wall in region 6 and
on the outer wall in regions 7 and 8 can be seen clearly and is expected to enhance the heat

transfer.
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Figure 29 CFD simulated velocity streamlines at the middle plane at Re = 45k, Orpm
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Figure 30 Smooth surface temperature distribution at Re = 35k under (a) 0 rpm and
(b) 400 rpm
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Wall temperature distributions at a selective Reynolds number Re = 35k under
stationary (0 rpm) and the highest rotational speed (400 rpm) are presented in Figure 30.
Temperatures are normalized by the bulk air temperature at the inlet (Tb,inlet). The bulk
temperature increases gradually from the inlet toward the outlet. This is expected under
constant heat flux boundary condition. An energy balance calculation was performed based
on the calculated regional heat loss. Since the heat loss calculation was based on the inlet
and outlet temperatures, the bulk temperature derived from the energy balance method
(To,energy) at the outlet was forced to be identical to the measured outlet temperature
(Tov,outtet). The Toenergy sShows great consistency with the interpolated bulk temperature
(To,inter) in all regions. The wall temperatures for all regions were maintained at around 1.05
to 1.11 times of the inlet temperature. Heat conduction between adjacent regions was
minimized by controlling the power of each heater so that the wall temperature difference
of all adjacent regions was reduced. In Figure 30 (a), the wall temperatures at the inlet are
lower than other regions due to higher heat transfer and higher conduction heat loss. The
temperature gradually increases up to x1/Dn1 = 4.35 then gradually decreases near the tip.
This trend indicates that the heat transfer is higher near the tip turn portion. The wall
temperatures show less variation in the second passage except for the last data point which
is located at the outlet. The lower temperature is also a result of higher conduction heat
loss. The temperature distribution under rotating condition Figure 30 (b) is very similar to
the stationary condition. However, the power required to maintain a small temperature
difference between adjacent regions will be different. The difference in power inputs will

result in different HTCs under rotating conditions.
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Figure 31 Smooth surface streamwise Nu/Nuy ratio at Re = 10k under 0 and 400
rpm

Figure 31 shows the streamwise Nu/Nuo distributions on the leading surface (LS),
trailing surface (TS), inner wall (Inner), outer wall (Outer) and tip wall at Re = 10k and
rotational speeds of 0 and 400 rpm. For the stationary case, a higher heat transfer (Nu/Nuo
= 1.6-2.2) was observed near the entrance due to the developing thermal and momentum
boundary layers. In the near fully-developed region (x1/Dni = 4), the Nusselt number ratio
Nu/Nuo for all four surfaces dropped to 1.1-1.3. The enhanced heat transfer compared to
the Dittus-Boelter correlation is a result of the high aspect ratio rectangular channel as well
as the developing flow. As the flow approaches the turn region (x1/Dn1 = 5-7), heat transfer
increases slightly to around 1.4. The results in the first passage are in good agreement with
Griffith et al. [76] (Re = 10k) in which an AR = 4:1 single pass channel was used. The

81



results are about 20% higher than the reference in the developing zone and may be
attributed to the entrance geometry effect. The tip wall in the first passage has the highest
heat transfer enhancement (Nu/Nuo = 2.5) due to the impingement of the radial outward
flow. The difference between the leading surface and the trailing surface is believed to be
caused by the imperfect surface roughness. Nevertheless, this effect is expected to be
eliminated in the Nu/Nus ratio comparisons because the surface roughness acts in the same
way for both cases.

In the second passage, Nu is based on the hydraulic diameter of passage 2 Dn2 and
Nuo is based on the Reynolds number in passage 2. The Nu/Nuo values are around 1.5 from
x2/Dn2 = 0 to 7. Heat transfer at x2/Dn2 = 2.3 is slightly higher due to the turn-induced
secondary flows. However, as discussed earlier, the effect is smaller than usual due to the
suppressed secondary flows and turbulence in an accelerating flow. Heat transfer at x2/Dn2
= 0.8-2.3 for the outer wall is also slightly higher than the LS and TS due to flow
impingement. At 400 rpm, a positive rotation effect can be seen clearly on the TS, inner
wall and outer wall in passage 1. In passage 2, a negative effect can be seen on the TS, as
well as the inner wall and outer wall for x2/Dn2 = 2.3-8.3. The rotation effects on the TS in

passage 1 and passage 2 follow the general trends as found in previous studies (such as

Refs. [69-71, 73, 74]).
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The rotation effects in terms of the rotation number Ro will be discussed for
selected surfaces and regions in the first pass, tip turn, and second pass. These
representative surfaces include the LS and TS in regions 4 and 6 in passage 1 and regions
7 and 11 in passage 2, as well as the Tip surfaces in regions 6 and 7. To show the rotation
effect more clearly, the rotating Nusselt number is normalized by the stationary Nusselt
number (Nus). Thus, for a rotation number Ro = 0, the Nu/Nus ratio is 1.

Figure 32 shows the rotation number effect on LS and TS heat transfer in regions 4
and 6 in the first passage. Since the rotation number is relatively small at higher Reynolds
numbers, the results for lower Re (Re = 10k and 15k) and higher Re (Re = 25k to 70k) are
shown separately for better legibility. In general, heat transfer on the TS in both regions 4
and 6 continually increases with increasing Ro with up to 61% relative to zero rotation as
expected. However, some negative effect with up to 9% can be seen at higher Reynolds
numbers in part of the Ro range (Ro = 0-0.12). For LS-4, Nu/Nus first decreases with Ro
with up to 21% until Ro = 0.13 then gradually increases to Nu/Nus = 1.16 at Ro = 0.39.
This trend is very similar to the results found in Ref. [76]. For LS-6, the effect is generally

positive with up to 46% increase except for Re = 15k, 25k, 35k and 45k at Ro = 0-0.13.
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Figure 32 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nuy) in
regions 4 and 6 for smooth case
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Figure 33 shows the rotation effect on the LS and TS in regions 7 and 11 in the
second passage. For the TS, the Nu/Nus shows a general decreasing trend with increasing
Ro with up to 42% in region 11. This trend is also what is expected for a radial inward
flow. For LS-7, the heat transfer increases with increasing Ro with up to 20% at lower
Reynolds numbers. However, at higher Reynolds numbers, the Nu/Nus shows an increasing
and then decreasing trend between Ro = 0 and 0.05. Rotation has a small positive effect
(5-9%) on heat transfer on LS-11 at low rotation numbers, i.e. Ro = 0-0.03 for higher Re

and Ro = 0-0.12 for lower Re. Nu/Nus decreased up to 7% at the highest Ro.
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Figure 33 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nuy) in
regions 7 and 11 for smooth case
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The effect of rotation on heat transfer on the tip wall is shown in Figure 34. For
both Tip-6 and Tip-7, heat transfer first decreases with rotation number then increases. This
trend is quite different from a typical two-pass channel, in which the tip heat transfer
increases with rotation number due to the pumping effect induced by the centrifugal force.
For Tip-6, Nu/Nus reduces to 0.72 at Ro = 0.1 then gradually increases to 1.03 at the highest
Ro. For Tip-7, Nu/Nus drops 36% at Ro = 0.04 then increases to 0.98 at the highest Ro.
Also, for both regions, there is a significant Reynolds number dependence. There is less

rotation number effect at higher Reynolds numbers.
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Figure 34 Effect of rotation number (Ro) on Tip wall heat transfer (Nu/Nus) in
regions 6 and 7 for smooth case
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3.7.2 60 deg Rib Roughened Surface Results

The rib-induced secondary flows will change the heat transfer characteristics under
both stationary and rotating conditions. Figure 35 shows the streamwise Nus/Nuo
distribution for the rib-roughened case at a selective Re = 35k under stationary condition.
Similar to the smooth case, the first and last data points should be neglected due to higher
conduction heat loss. The Nus/Nuo values on the LS and TS reach around 2.6 in passage 1
and about 2.4 in passage 2. The results in the first passage are quite comparable to Ref.
[76] (45 deg, in-line, parallel, P/e = 10, e/Dn = 0.078, sharp-edge, Re = 40k) and Ref. [78]
(45 deg, staggered, parallel, P/e = 10, ¢/Dn = 0.1, sharp-edge, Re = 25k), even though the
rib angles and profiles are different. It should be noted that the enhancement in regions 6
& 7 (turn portion) is the lowest due to the absence of ribs. Also, regions 5 and 8, i.e. x1/Dni
= 5.6 and x2/Dn2 =2.3, which are only partially covered by ribs, have the second lowest
Nus/Nuo values. Heat transfer on the inner and outer walls is augmented by the rib-induced
secondary flows. In the high aspect ratio (AR = 4:1) passage 1, the rib-induced vortex pair
may be arrested in its development due to limited channel height. However, the turbulence
induced on the inner wall seems to be magnified, resulting in a higher heat transfer as
compared to the outer wall. In passage 2 (AR = 2:1), the rib induced vortex pair is expected
to be impinging on the outer wall, leading to a higher heat transfer than the inner wall.
Remarkably, heat transfer on Tip-6 and Tip-7 is significantly reduced (Nu/Nus = 1.71 and
1.07) as compared to the smooth channel (Nu/Nus = 2.25 and 1.30). This reduction may be

due to the reduced flow impingement that is caused by the rib-induced secondary flows.
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Figure 35 Ribbed surface streamwise Nu/Nuy ratio at Re = 35k under 0 rpm
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Figure 36 Ribbed surface streamwise Nu/Nug ratio at Re = 10k under 0 and 400 rpm
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Figure 36 shows the comparison of the streamwise Nu/Nuo distributions at Re =
10k under 0 and 400 rpm. For the stationary case, we can see the Reynolds number effect
when compared to Figure 35. Interestingly, heat transfer enhancement on the inner wall is
higher than the rib-roughened LS and TS in passage 1. This may be due to the higher
turbulence induced near the inner wall than the LS and TS. In passage 2, heat transfer on
the outer wall is comparable to the LS and TS. The flow impingement effect on the outer
wall at x2/Dn2 =0.8 is more significant at this low Reynolds number than the case shown
in Figure 35. These results demonstrate the dependence on Reynolds number, especially
for inner and outer walls when ribs are present. Under rotation, we can see a general trend
of increased heat transfer on the TS and outer wall and decreased heat transfer on both the
LS and inner wall in passage 1. On the other hand, heat transfer is increased on the LS but
decreased on the inner wall in passage 2. The effect of rotation seems to be small on the
tip wall. In reality, there is a decreasing then increasing trend with Ro and this will be

explained later.
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Figure 37 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nuy) in
regions 4 and 6 for ribbed case

Figure 37 shows the rotation number effect on LS and TS heat transfer in regions 4
and 6 for the rib-roughened surface. The general trends in both regions are clear. In region
4, heat transfer increases with Ro with up to 16% on the TS. For the LS, Nu/Nus decreases
with Ro with up to 12%. This behavior resembles the general trend found in the square
channel Refs. [68-70]. In region 6, heat transfer increased on both LS (up to 27%) and TS
(up to 38%). However, for the lower Re values the increasing trend on the LS is not
monotonic and has a minimal value at Ro =~ 0.2. This may be attributed to the enhanced

vortical structures inside the ribbed channel under rotation that alters the local heat transfer.
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There is some dependence on Re at lower Re of 10k and 15k, however, the data correlate

well at higher Re between 25k and 70k, as seen at the bottom right corner of Figure 37.
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Figure 38 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nuy) in
regions 7 and 11 for ribbed case

Heat transfer enhancement on the LS and TS in region 7 and 11 can be seen in
Figure 38. In region 7, the results show an enhancement of up to 36 % and 16% for the LS
and the TS, respectively. However, there is a strong Reynolds number dependence at Re =
10k and 15k on the TS. The increasing trend with some Reynolds number dependence is

similar to region 6. It seems that the heat transfer on the LS and TS in the turn portion (both
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regions 6 and 7) is more sensitive to the Reynolds number effect. Again, it may be
attributed to the complicated flow structure associated with the combined effects of the rib-
induced and turn-induced secondary flows. At more downstream in region 11, heat transfer
enhancement on the LS can be seen for all Reynolds numbers. For Re = 10k and 15k,
Nu/Nus remained at a level around 1.18 on the LS. For TS-11, the results show an
increasing then decreasing trend for Ro = 0-0.075. The lowest Nu/Nus value found was
0.92 at the highest Ro and Re = 10k. There is a small dependence on the Reynolds number

on the LS in both region 7 and 11. Nevertheless, the trend is consistent at all Reynolds

numbers.
Ribbed Tip-6 and Tip-7
12
1 Lower Re 1 Higher Re
1.0 ¢ n /I T r’k(rk’t'r'
15 ~’..';/ 15 -)*“._i_‘;:./
u‘ ‘;, -
) 08 ] ‘“W ]
= 06 = Re 25k, Tip-6 - Re 25k, Tip-7 |
3 1 . —«— Re 35k, Tip-6 --#-- Re 35k, Tip-7
Z 041 LRI TPO o 4 RedSk Tip-6 & Re 45k Tip-7
1 —&— Re 15k, Tip-6 | ) )
—m--Re 10k, Tip-7 Re 55k, Tip-6 Re 55k, Tip-7
02— o Ret5k Tio7 | Re 65k, Tip-6 Re 65k, Tip-7 |
1 ’ 1 Re 70k, Tip-6 Re 70k, Tip-7
0.0 T I T T T I T I T I T I T I
0 0.1 0.2 0.3 04 0 0.05 0.10 0.15
Ro Ro

Figure 39 Effect of rotation number (Ro) on Tip wall heat transfer (Nu/Nus) in
regions 6 and 7 for ribbed case

The effect of rotation on heat transfer in the regions Tip-6 and Tip-7 is shown in
Figure 39. The Nusselt number ratio Nu/Nus shows a decreasing then increasing trend with

rotation number for both regions. This trend is quite similar to the smooth surface, with a
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smaller dependence on the Reynolds number. For region Tip-6, the lowest Nu/Nus value
was 0.73 found at Ro = 0.1 and Re = 10k. The heat transfer then gradually increases up to
Nu/Nus = 1.14 at higher Ro. For region Tip-7, the lowest Nu/Nus value of 0.69 is seen at
Ro = 0.03 and Re = 15k. Heat transfer then increases monotonically at higher Ro up to
Nu/Nus = 0.95.

The overall effect of rotation on heat transfer for all the surfaces considered in the
current study is compared and presented in Figure 40. For the smooth surface, significant
heat transfer enhancement is seen on TS-4, LS-6, and TS-6 under rotation (46%-61%).
Generally, heat transfer enhancement can be seen on both LS and TS in passage 1 under
high rotation numbers (Ro > 0.27). Substantial heat transfer reduction, on the other hand,
is seen on TS-11 (41%), Tip-6 (28%) and Tip-7 (36%). For the rib-roughened case, the
rotation effect is reduced on most surfaces when rib-induced secondary flows come into
the picture. Heat transfer enhancement can be seen on most surfaces under rotation. It is
worthy to point out that the heat transfer on the tip wall (Tip-6 and Tip-7) reduced
drastically with up to 31% for the two lower Reynolds number cases and lower rotation
numbers (Ro = 0.1 for Tip-6 and 0.03 for Tip-7). These effects of rotation must be taken
into consideration for the design of a gas turbine airfoil with similar internal cooling

geometries and features.
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3.7.3  Conclusions — Smooth Surface and 60 deg Angled Ribs

The rotation effects on heat transfer and pressure loss coefficient have been
investigated in a two-pass rectangular internal cooling channel featuring a reduced cross-
sectional area and aspect ratio (AR=4:1 to 2:1), after a 180 deg tip turn. A wide range of
Reynolds number (10k to 70k) and rotation number (0 to 0.39) was considered. Both
smooth surface (baseline case) and 60 deg rib-roughened surface are included. Regionally

averaged heat transfer (copper plate) method was used. According to the results, the

following conclusions can be made:

1. The size of the secondary flows that can be seen in the second pass near the 180

deg turn in a typical two-pass channel is significantly reduced due to flow
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acceleration. The accelerating flow seems to increase the flow stability and reduce
the turbulence level, resulting in a relatively low Nu/NuO downstream of the turn
compared to a typical constant aspect ratio channel.

For smooth case in the first passage (regions 4 and 6), rotation enhanced HT on the
TS (at Ro > 0.12) as expected. For LS-4, the results show a decreasing then
increasing trend. For LS-6, HT generally increases with Ro at Ro > 0.13.

For smooth case in the second passage (regions 7 and 11), HT decreases with Ro
on the TS. The rotation has a positive effect on LS-7. HT increases then decreases
on LS-11.

For ribbed case in the first passage (regions 4 and 6), HT on the TS increases with
Ro (up to 38%). In general, HT decreases on LS-4 but increases on LS-6 with Ro.
For ribbed case in the second passage, HT on both LS and TS generally increases
with Ro in region 7. For LS-11, Nu/Nus = 1.8 for Ro > 0.03. For TS-11 HT first
increases then decreases with Ro.

For both smooth and ribbed cases on the tip wall, HT shows a decreasing then
increasing trend. The lowest Nu/Nus value found was around 0.7 at Ro <0.1.

In general, rotation effects on heat transfer are reduced in the rib-roughened
channel. Dependence on the Reynolds number can be seen for this particular
internal cooling channel design, especially for the smooth case. More research is
needed for channels with varying aspect ratios (converging or diverging at the 180
deg turn). And these geometrical effects should be taken into consideration in the

internal cooling design.
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3.8  Results and Discussion — 45 deg Angled Ribs with Rib Coverage Effect

Heat transfer results in terms of Nusselt number ratios will be presented for the
three different rib configurations under stationary and rotating conditions. Reynolds
number (Re) from 10k to 70k and rotation number (Ro) from 0 to 0.39 were covered. The
heat transfer characteristics of three different rib configurations in an internal cooling
channel featuring varying aspect ratio (AR =4:1 to 2:1) and a converging 180 deg tip turn
will be discussed. The rib configurations include 45 deg angled rib with less coverage
(Config. 1), medium coverage (Config. 2), and full coverage (Config. 3). The results will
be presented in the following order: Temperature distribution, Nusselt number distribution,
rotation effects on heat transfer. The pressure loss coefficient will be presented in section

3.9.

3.8.1 Temperature Distribution

Temperature distributions of Config. 2 at an intermediate Reynolds number of Re
= 35k at both the lowest and highest rotational speeds are selected for demonstration, as
shown in Figure 41. All temperatures are normalized by the inlet temperature Tb.intet. The
temperatures of the LS, TS, outer surface and inner surface are kept at around T/Tb,inlet =
1.10. The temperatures of the nearby surfaces at a certain region are kept at a similar level
in order to reduce the heat conduction error, as discussed in the experimental section. The
temperatures at the inlet x1/Dn1 = 0.6 and outlet x2/Dn2 = 8.3 are slightly lower due to the
higher conduction heat loss to the adjacent test section material. In the turn portion x1/Dni
= 6.9 and x2/Dn2 = 0.8, the temperatures are significantly higher on the LS, TS, and the

outer wall due to the absence of the ribs. For the 0 rpm case, the T/Tb,inlet values go up to

96



1.13 to 1.16 in the turn portion. For the Tip-6 (x1/Dn1 =7.5) and Tip-7 (x2/Dn2 = 0) surfaces,
the power of the heater is controlled so that the temperatures are fairly close to the adjacent
surfaces at T/To,intlet = 1.15. Bulk fluid temperatures derived by means of linear interpolation
of the measured inlet and outlet temperatures (Tb,inter) and the energy balance method
(To,energy) are also provided. The Tb energy at the channel outlet is forced to be identical to the
measured value due to the assumptions made for the heat loss analysis. The results are
generally in good agreement except for a small deviation (= 0.4%) near the turn portion.
For the 400 rpm case, the temperature distributions are pretty similar to the 0 rpm case.
However, the power input of individual heaters are adjusted in order to control the

temperatures of different surfaces at a similar level.
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Figure 41 Temperature distribution for Config. 2 at Re = 35k, 0 and 400 rpm
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3.8.2  Nusselt Number Distribution

Stationary normalized Nusselt number Nus/Nuo distributions for the three
configurations at Re = 10k are presented in Figure 42. Please note that the reference Nusselt
number Nuo is based on each passage. From this figure, we can see clearly that the rib
coverage near the tip turn portion alters the heat transfer results considerably. The general
trend on the LS and TS heat transfer of a typical internal cooling channel is found to be
decreasing from the inlet due to the developing thermal and momentum boundary layers.
The Nusselt number ratio then gradually converges to a certain number further downstream
as can be seen in the previous section 3.7. A similar trend can be expected in the 45 deg
angled rib roughened channels. A general decreasing trend can be seen in the first passage
for all configurations on all surfaces (except the inner surface for Config. 2 and Config. 3).
Heat transfer on the LS and TS is higher than the inner and outer surfaces due to the rib
turbulators. Heat transfer on the inner surface is higher than the outer surface due to the

stronger rib-induced turbulence near the inner wall, as expected.
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Figure 42 Stationary Nus/Nuy distribution at Re = 10k

For Config. 1, regions 4 (x1/Dn1 = 4.4), 5 (x1/Dn1 = 5.6) and 9 (x2/Dn2 = 3.8) are
only partially covered by ribs (Figure 27). As a result, the Nus/Nuo ratio on the LS and TS
gradually decreases from the inlet to the tip turn in passage 1 and gradually increases from
the tip turn to the outlet in passage 2. The Nusselt number ratios are around Nus/Nuo = 4 to
1.6 in passage 1 and Nus/Nuo = 0.8 to 3.7 in passage 2. In passage 1, the Nusselt number

ratio on the inner surface is around Nus/Nuo = 2. The Nusselt number ratio on the outer
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surface gradually decreases from Nus/Nuo = 1.9 to 0.4 and is lower than the inner surface.
A significant heat transfer reduction on the outer surface is seen near the turn portion x1/Dni
=4.410 6.9. In passage 2, heat transfer reduction is also seen on the outer surface near the
turn with Nus/Nuo = 0.4 at x2/Dn2 = 0.8 and Nus/Nuo = 0.9 at x2/Dn2 = 3.8. The results
suggest that the rib-induced secondary flows continue to affect the heat transfer
downstream of the rib turbulators, even after the tip turn. It seems that the flow
impingement effect on the outer surface in region 7 is reduced. Heat transfer is slightly
higher on the outer surface than the inner surface at further downstream x2/Dn2 = 3.8 to 8.3
in passage 2. The Nus/Nuo ratios of the inner and outer surfaces are around 0.85 at x2/Dn2
= 3.8 and gradually increase to 1.5-2.1 at the outlet x2/Dn2 = 8.3. Heat transfer on the tip
surface in passage 1 (Tip-6, x1/Dn1 = 7.5) is enhanced to Nus/Nuo = 1.7 due to the flow
impingement. However, heat transfer on the tip surface in passage 2 (Tip-7, x2/Dn2 = 0)
remains at Nus/Nuo = 1.

For Config. 2, heat transfer enhancement on the LS and TS remains at around
Nus/Nuo = 3 with a slight decrease from region 2 to 5, x1/Dn1 = 1.9 to 5.6. Then the Nusselt
number ratio drops to around Nus/Nuo = 1.9 in the turn portion at x1/Dn1 = 6.9, where there
is no rib coverage. In the second pass, the addition of 2 more ribs near the turn enhances
the heat transfer at x2/Dn2 = 2.3, 3.8, and 5.3 (regions 8§, 9, and 10) by around 45%, 37%,
and 22%, respectively as compared to Config. 1. Heat transfer on the inner, outer and tip
surfaces remains at a similar level as in Config. 1, except for the slight decrease on the
outer surface in the downstream part of the second passage.

For Config. 3, heat transfer is generally enhanced than the previous two

configurations with a full rib coverage design. The Nusselt number ratios on the LS and
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TS remain at around Nus/Nuo = 3.1 in the first passage (except for regionl). Compared to
Config. 2, the additional ribs in the tip turn portion significantly enhanced the heat transfer
on all surfaces (LS, TS, outer, inner and tip) in and after the turn from region 6 to region
10 (x1/Dn1 = 6.9 to x2/Dn2 = 5.3). Furthermore, the streamwise variation in Nusselt number
ratio is reduced in both passages, especially for the LS and TS. There is a small difference
(maximum = 12%, disregarding region 1) between the LS and TS data. It may be originated
from the slightly mismatch of the parallel ribs due to human error involved in the
installation process. Nevertheless, this effect would not affect the rotation effect results,
which are presented by the Nusselt number under rotation divided by the stationary Nusselt
number, i.e. Nu/Nus.

The normalized Nusselt number distributions at the highest rotational speed of 400
rpm are shown in Figure 43. At the lowest Reynolds number of Re = 10k, this specific case
gives the highest rotation number of Ro = 0.39. The rotation effects on each surface can be
seen when compared to Figure 42. In general, heat transfer is enhanced on all surfaces
except for the LS in passage 1. In the second passage, significant heat transfer enhancement
can be seen on all surfaces near the turn (x2/Dn2 = 0 to 2.3) for Config. 1 and Config. 2.
For Config. 3, slight heat transfer enhancement is also seen at x2/Dn2 = 0 to 0.8 on all

surfaces. Heat transfer on the LS is enhanced along passage 2 for all three configurations.
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Figure 43 Nu/Nuy distribution at Re = 10k and 400 rpm

3.8.3 Rotation Effects on Heat Transfer

The rotation effects on heat transfer will be discussed for several representative
regions, including the LS and TS of regions 4, 6, 7, 11, and the tip surfaces (Tip-6 and Tip-
7). An overall comparison of the rotation effect on heat transfer of the three configurations

will be made at the end of this section.
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The effect of rotation on heat transfer on the LS and TS in region 4 is compared
and presented in Figure 44. Region 4 is located right before the turning portion, where the
flow is closer to fully developed flow. As in a typical AR = 1:1 or 2:1 channel, an
enhancement on the TS and reduction on the LS can be expected. Please note that for
Config. 1, region 4 is only partially covered by ribs. However, the rib coverages in region
4 are the same for Config. 2 and Config. 3. In this figure, the data obtained at lower
Reynolds numbers Re = 10k and 15k are separated from the data obtained at higher
Reynolds numbers Re = 25k-70k for an improved legibility. For Config. 1, we can see a
maximum heat transfer enhancement of 17.5% on the TS and a maximum reduction of
9.4% on the LS for the lowest Reynolds number Re = 10k at the highest rotation number
Ro =0.39. This trend is consistent with all the previously published data. The effects are
majorly due to the rotation induced secondary flow, which is a Coriolis force induced
vortex pair that impinges on the TS. When this vortex pair forms, the heat transfer on the
opposite stabilized surface (LS) will be reduced. A small Reynolds number dependence
can be seen when comparing the lower Re and higher Re cases. In general, it seems that
the rotation effect is reduced at higher Reynolds numbers.

For Config. 2, the rotation effect is reduced on the TS but augmented on the LS as
compared to Config. 1. The maximum Nusselt number ratio obtained was Nu/Nus = 1.13
on the TS while a minimum of Nu/Nus = 0.83 was obtained on the LS at the highest Ro =
0.39. There is approximately a 4% reduction on the TS and a 9% reduction on the LS when
compared to the Config. 1, owing to the additional rib near the inner wall in region 4. The
rotation effects on heat transfer are very similar for Config. 2 and Config. 3 as expected,

except for a peculiar point on the TS at Ro = 0.1 and Re = 10k. However, the uncertainty
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at the lower Reynolds numbers are known to be high. Consequently, the result is still
considered reasonable. The general trend of heat transfer enhancement on the TS and

reduction on the LS in a radial outward flow remains the same for the three configurations.
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Figure 44 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
region 4
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Figure 45 shows the rotation number effect on LS and TS heat transfer in region 6,
which is adjacent to the tip surface in the first passage. The rib coverages upstream of
region 6 are different for the three different configurations. As a result, different rotation
effects on heat transfer can be expected. For Config. 1, the most notable difference from
region 4 is that the heat transfer is enhanced on both the LS and the TS under rotation. The
rotation and rib induced complex vortical flows in this turn region may be responsible for
the enhanced heat transfer. The Nusselt number ratios are found to be as high as Nu/Nus =
1.58 on the TS and Nu/Nus = 1.45 on the LS at Ro = 0.39. The data at higher Reynolds
numbers correlate well on both surfaces and show an increasing trend with Ro up to Nu/Nus
=1.30 on the TS and Nu/Nus = 1.15 on the LS at Ro = 0.16.

For Config. 2, the rotation effect is reduced as compared to Config. 1. The Nusselt
number ratio reduced to Nu/Nus = 1.48 on the TS and Nu/Nus = 1.19 on the LS at Ro =
0.39. The data at higher Reynolds numbers correlate well with an increasing trend up to
Nu/Nus= 1.21 on the TS at Ro=1.11-1.16 and Nu/Nus = 1.10 on the LS at Ro = 0.07-0.16.
For Config. 3, the rotation effect becomes negative on the LS. The rib-induced secondary
flows become more dominant in this case. The growth of the rotation-induced secondary
flows is restricted by the presence of the additional ribs. The heat transfer enhancement is
also reduced to Nu/Nus = 1.22 at Ro = 0.39 on the TS. A minimum Nusselt number ratio
of Nu/Nus = 0.91 is found on the LS at Ro = 0.19. The correlations at higher Reynolds
numbers are almost linear and close to unity, with a highest enhancement of 5.6% on the
TS at Ro = 0.16. This indicates that the additional ribs near the turn portion in passage 1
have a negative impact on heat transfer enhancement under rotation. On the other hand,

similar to region 4, the Nusselt number ratios are generally higher on the TS than the LS.
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Figure 45 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
region 6
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The effect of rotation number on heat transfer in region 7 is shown in Figure 46.
The most prominent difference between the results in the first passage may be that the
Nusselt number ratios on the LS become higher than the TS for most of the data points.
The results show different degrees of heat transfer enhancement on both the LS and TS for
the three configurations under rotation. Heat transfer enhancement on the LS and TS is the
highest for Config. 1, reaching Nu/Nus = 2.10 on the LS and Nu/Nus = 1.75 on the TS at
Ro =0.156. Given the relatively lower Ro than the first passage, this level of enhancement
is quite remarkable. The higher Reynolds number cases also correlate better than the lower
Reynolds number cases. The Nusselt number ratio approaches Nu/Nus =~ 1.5-1.6 at Ro =
0.063 for both surfaces.

For Config. 2, the effect of rotation is reduced. The highest values are lowered to
Nu/Nus = 1.65 and 1.37 at Ro = 0.154 for the LS and TS, respectively. The Reynolds
number effect is more apparent between Re = 10k and 15k on the TS, nevertheless, the data
also correlate well at higher Reynolds numbers and show an increasing trend up to Nu/Nus
= 1.32 at Ro = 0.063 for both surfaces. For the full rib coverage case, the effect of rotation
is further reduced, with a highest Nu/Nus = 1.24 at Ro = 0.153. The heat transfer
enhancement remains at around 8-12% for the LS at Ro = 0.026-0.104. The enhancement
on the TS is always lower than the LS. The results also show a weakened rotation number
effect with increasing rib coverages near the turn portion. It is worthy to note that the 45
deg angled ribs upstream of region 7 seems to create a constructive interaction of the rib
and rotation induced secondary flows, leading to a purely positive effect on heat transfer

under rotation.

107



Region 7

Lower Re Higher Re
Config. 1 —=— Re 25k, LS Re 55k, LS
20 -E - — & Re 35k, LS Re 65k, LS |
. | *ResskLs Re 70k, LS
3l.ﬂ
= 15
—
S
< 4 —m—Re10k, LS - ®- Re 10k, TS
1.0 1 s Re15k, LS # Reisk, TS T
: , : , : , : : , : , : ,
204! Config. 2 --m---Re 25k, TS --#--Re 55k, TS
: —# - Re 35k, TS Re 65k, TS
] | & Redsk TS Re 70k, TS
3l.ﬂ
15
pd -
1.0
: , : , : , : : , : , : ,
20 _l Config. 3
3l.ﬂ
= 15
—
I
=

Figure 46 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in

region 7
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At further downstream in region 11 (x2/Dn2 = 6.8), although the local rib coverages
are the same for the three configurations, the effects from the upstream rib coverage
differences can be seen in this region. The results are shown in Figure 47. At lower
Reynolds numbers, a positive effect on the LS and a negative effect on the TS were
observed (except for a small positive effect on the TS at Ro < 0.05). This trend is consistent
with the results found in many previous studies with a radial inward flow. It is a result of
the Coriolis force induced vortex pair that impinges on the LS. For the LS, the Reynolds
number effect seems to be more apparent in Config. 1. The Nusselt number ratio first
increases up to Nu/Nus = 1.2 at Ro = 0.026 then gradually decreases down to Nu/Nus =
1.09 at Ro = 0.156. For higher Reynolds number cases, Nu/Nus first increases then
gradually level out within the range Nu/Nus = 1.08-1.16. For the TS, there is a small
positive effect when Ro < 0.03-0.05, then the effect turns negative. The lowest value is
Nu/Nus = 0.84 at Ro = 0.156.

The rotation effect on heat transfer is quite similar for the three configurations in
region 11 as expected. As the rib configuration changes from Config. 1 to Config. 2 and
Config. 3, there are several observable trends. Firstly, the Reynolds number dependence
on the LS is diminishing. Secondly, the rotation effect is slightly reducing on both LS and
TS, meaning the minimum and maximum values are closer to unity. Thirdly, the decreasing
trend is gone on the TS at higher Reynolds numbers for the Config. 3 (lower right of Figure

47).
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Figure 47 Effect of rotation number (Ro) on LS and TS heat transfer (Nu/Nus) in
region 11
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The effect of rotation on heat transfer in regions Tip-6 and Tip-7 is shown in Figure
48. The Nusselt number ratio Nu/Nus shows a decreasing then increasing trend with
rotation number for both regions. Similar to earlier discussions, the number of ribs (or an
increase of rib coverage) generally reduces the Reynolds number dependence and the
rotation effect. The highest Nusselt number ratio on Tip-6 reduced from Nu/Nus = 1.48 to
1.34 and 1.22, for Config. 1 to Config. 2 and Config. 3. A similar trend is found on Tip-7,
where the values drop from Nu/Nus = 1.39 to 1.19 and 1.15 for Config. 1 to Config. 2 and
Config. 3. The lowest Nusselt number ratio occurs at Ro = 0.1 for Tip-6 and Ro = 0.04 for
Tip-7. The lowest values are around Nu/Nus = 0.75 for Config. 1 and Config. 2 and are
around Nu/Nus = 0.83 for Config. 3. The results suggest that extra care should be taken on
the tip surface at lower rotation numbers.

Unlike the traditional constant cross-section and constant aspect ratio channel, the
converging tip turn of the current design affects the heat transfer characteristics not only at
the downstream of the turn in passage 2 but also dramatically changes the heat transfer on
the tip surfaces under rotation. From the available literature and test data, the tip surface
heat transfer is always elevated under rotation in a constant AR and cross-section channel
due to the so-called pumping effect. The decreasing then increasing trend with rotation
number is first observed and reported for this test section design with a converging tip turn
(AR = 4:1 to 2:1). It is believed that the flow impingement on the tip surfaces in an
accelerating flow in the turn portion is greatly reduced under rotation (at lower rotation
numbers). The momentum of the fluid core toward the tip surface may be reduced due to
the development and strengthening of the rotation induced vortices. This information is

hence critical in the internal cooling design for a channel with a comparable design.
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Tip-6 and Tip-7

Lower Re Higher Re
Config. 1 —a— Re 25k, Tip-6 Re 55k, Tip-6
1.5 1 — & Re 35k, Tip-6 Re 65k, Tip-6 |
o —&— Re 45k, Tip-6 Re 70k, Tip-6
3l.ﬂ
prd
= .
= e
0.5 — 7 — —
15 _4 Config. 2 - Re 25k, Tip-7 Re 55k, Tip-7 —
--#-- Re 35k, Tip-7 Re 65k, Tip-7
] // | --&--Re 45k, Tip-7 Re 70k, Tip-7
= e
prd w - e
3 iy '".\ . - % [ =5 -/A—
Z * e ' '
-
05 T T T | | | | | |
15 _l Config. 3
3l.ﬂ
<
I
prd
—=—Re 10k, Tip-6 --#--- Re 10k, Tip-7 |
& Re 15k, Tip-6 - # - Re 15k, Tip-7
0.5 — T — —
0.0 0.1 0.2 0.3 0.4 0.00 0.05 0.10 0.15

Ro Ro

Figure 48 Effect of rotation number (Ro) on tip surface heat transfer (Nu/Nus) in
regions 6 and 7 (Tip-6 and Tip-7)

The overall effect of rotation on heat transfer for all the surfaces considered in the
current study is compared and presented in Figure 49. The results show heat transfer
enhancement in most of the regions under rotation. Some negative effects up to 20% can
be seen in regions LS-4 and TS-11. In general, the additional rib coverage in or near the
turn portion greatly reduces the rotation effect on heat transfer, except for the LS-4 and TS-

4. It is worthy to point out that the heat transfer on the tip wall (Tip-6 and Tip-7) reduced
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drastically with up to 27% for the lower Reynolds number cases at lower rotation numbers
(Ro = 0.1 for Tip-6 and 0.04 for Tip-7). These effects of rotation must be taken into
consideration for the design of a gas turbine airfoil with similar internal cooling geometries

and features.
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Figure 49 Comparison of the maximum and minimum Nu/Nus for all surfaces
considered within the Re and Ro range

3.8.4 Conclusions — 45 deg Angled Ribs with Rib Coverage Effect

The rotation effects on heat transfer and pressure loss coefficient have been
investigated in a two-pass rectangular internal cooling channel featuring a reduced cross-
sectional area and aspect ratio (AR=4:1 to 2:1), after a 180 deg tip turn. A wide range of

Reynolds number (10k to 70k) and rotation number (0 to 0.39) was considered. 45 deg
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angled ribs are implemented on the LS and TS with three different rib coverages near the

tip turn portion. Regionally averaged heat transfer (copper plate) method was used.

According to the results, the following conclusions can be made:

I.

There is small differences in the rotation effects on heat transfer among the three
configurations in regions 4 and 11, which are located upstream of the turn and far
downstream after the turn, respectively. The rotation effect is generally positive in
TS-4 and LS-11 with up to +20% increment and negative in LS-4 and TS-11 with
up to -20% decrement.

Under rotation, heat transfer is enhanced in general in region 6 up to 58% except
for LS-6 for the Config. 3 where a minimum Nu/Nus = 0.91 was observed. The
enhancement on the TS is higher than the LS at a fixed Ro.

Great heat transfer enhancement on both the LS and the TS up to 110% is seen in
region 7 under rotation. Unlike in region 6, the enhancement on the LS is higher
than the TS at a fixed Ro.

Heat transfer on the tip surface (Tip-6 and Tip-7) first decreases then increases with
increasing Ro for all configurations. The minimum Nusselt number ratio is Nu/Nus
= 0.73 at Ro = 0.04-0.1 while the maximum is Nu/Nus = 1.48 at Ro = 0.39. This
behavior is quite different than a constant aspect ratio channel and is a result of the
converging tip turn.

In general, rotation effects on heat transfer are reduced with an increased rib
coverage. Different rib coverages near the tip turn significantly change the heat
transfer and pressure drop in and after the turn. Dependence on the Reynolds

number can be seen for this particular internal cooling channel design. The
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combined geometrical and rib coverage effects should be taken into consideration

in the internal cooling design.

39 Results and Discussion — Pressure Loss Coefficient

High accuracy pressure loss coefficients under both stationary (Ks) and rotating
(Kr) conditions were obtained for five different configurations including the smooth surface
case. The stationary results are presented in Figure 50. The horizontal axis is the average
Reynolds number (Re.ave) of the two passages. The loss coefficients are generally higher at
lower Reynolds numbers as expected. The loss coefficients for the smooth wall case are
around 1.9 to 2.3. The 45 deg — full coverage case has the highest pressure loss, followed
by the 60 deg rib case, then the 45 deg — medium coverage and the 45 deg — less coverage
cases. The average loss coefficient over the Reynolds numbers studied are summarized in
Table 6. The ratios of the Ks.ave to the smooth wall case are also provided. The highest loss
coefficient seen in the 45 deg — full coverage case is around 4.3 times of the smooth case.
Comparing the 45 deg — full coverage to the 45 deg — medium coverage, there is a nearly
40% increase in pressure loss coefficient due to the additional rib coverage in the turn

region.
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Stationary Loss Coefficient Comparison
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Figure 50 Stationary pressure loss coefficient comparison for five different
configurations

Table 6 Static pressure loss coefficient comparison

45deg 45deg 45deg
Smooth 60 deg Less Medium Full
Coverage Coverage Coverage
Ks,ave 2.05 7.47 5.09 6.27 8.73
Ratio o the 1 3.6 2.5 3.1 43
smooth case
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Effects of rotation on the pressure loss coefficient on both the LS and TS for five
different configurations are shown in Figure 51. The horizontal axis is the average rotation
number (Ro.ave) of the two passages. It is very interesting to see not only the rotation effect
on heat transfer, but also the rotation effect on pressure loss coefficient over a wide range
of rotation numbers. For the smooth case, the loss coefficient ratio (K«/Ks) on the TS
generally increases with increasing rotation number up to Kv/Ks = 1.27. A reverse trend
was found on the LS where the values are reduced with a minimum of K+/Ks = 0.8. The
results indicate that the overall (average of the LS and TS) loss coefficient remains close
to unity under rotation. For the 60 deg ribbed case, K:/Ks decreases with increasing Ro for
both leading and trailing surfaces with a minimum of Ki/Ks = 0.79 for the LS at the highest
average rotation number of Roave = 0.28. This is dramatically different than the smooth
case. The results suggest that for the 60 deg ribbed case, the overall pressure loss may be
reduced under high rotation numbers. It may be a consequence of reduced energy

dissipation of the rib-induced vortical structures under high rotation numbers.
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A similar trend can be seen in the 45 deg — less coverage channel. The lowest
pressure coefficient ratio is Ki/Ks = 0.74 at the highest average rotation number Ro.ave =
0.27. For the 45 deg — medium coverage case, pressure coefficients show a better
correlation among different Reynolds numbers on both the LS and the TS. Also, there is a
small increasing trend at lower Reynolds numbers (Re = 10k-15k) on the TS, up to K+/Ks
=1.05 at Ro,ave = 0.28. The reduction on pressure coefficient at the highest average rotation
number on the LS is less than the 45 deg — less coverage case, where the Ki/Ks = 0.86. For
the 45 deg — full coverage channel, there is an increasing than decreasing trend on the TS
at lower Reynolds numbers (Re = 10k-25k). The lowest pressure coefficient ratio is Ki/Ks
= 0.89 at Ro.ave = 0.28 and the highest pressure coefficient ratio is Ki/Ks = 1.03 at Roave =
0.21.

The results show that, in general, the 45 deg— less coverage and 60 deg rib cases
reduce the pressure drop on both LS and TS under rotation. For the 45 — deg angled ribs
with medium and full coverages, a slight increase in pressure drop up to 5% was seen on
the TS at lower Reynolds numbers and a pressure drop reduction up to = 13% was seen on

the LS at the highest average rotation number Roave = 0.28.
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3.10 Summary — Internal Cooling

Heat transfer and pressure drop characteristics of this specific internal cooling
channel have been identified under both stationary and rotating conditions. The rectangular
cooling channel features a varying aspect ratio with AR = 4:1 in the first passage and AR
= 2:1 in the second passage and a converging tip turn. The baseline smooth surface case
and four other roughened surface cases have been considered. The rib configurations
include 60 angled parallel ribs, 45 deg parallel ribs with less, medium and full coverages
near the tip turn. Reynolds numbers from Re = 10k to 70k based on the first passage are
covered. The highest rotation number achieved is Ro = 0.39 in the first passage and 0.16
in the second passage. The results indicate that the heat transfer and pressure drop are
significantly affected by the geometrical design and the rib configuration of the test section.
Substantial heat transfer reduction on the tip surface was observed under rotation. Extra
care is needed in the internal cooling design of a comparable internal cooling channel,

especially for the surfaces in or near the tip turn.
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4. CONCLUSIONS

The efficiency, specific power output and reliability of gas turbine engines have
been improving owing to the advanced technologies in cooling, material, design,
manufacturing, and so on. With a higher heat load on the turbine components, there is an
increasing demand for better cooling designs that ensure an adequate thermal protection of
the components with a minimized overall coolant consumption. In this study, both external
and internal cooling techniques have been considered. In the first part, detailed film cooling
effectiveness distributions on a blade platform combined with several realistic cooling
features were measured by the pressure sensitive paint technique. In the second part,
stream-wise heat transfer data in a two pass (AR = 4:1 in the first passage and AR =2:1 in
the second passage) channel with a converging tip turn were obtained by the regionally
averaged copper plate method under both stationary and rotating conditions. Based on the
test results, the following conclusions can be drawn.

On the turbine platform, the upstream purge flow and the slashface leakage flow
serve as good cooling sources. Both features provide good coolant film coverage and
effectiveness on the platform. Nevertheless, the cooling benefit from the upstream purge
flow is limited by the strong passage crossflows and the swirling effect under rotation. The
performance of the slashface leakage flow have been documented via the contour plots. A
higher blowing ratio is desired for an extended coverage toward upstream and effectiveness
values are increased at a higher density ratio. In general, the fan-shaped hole design
outperforms the cylindrical hole design on the endwall film cooling, including the upstream

injection holes near the pressure side leading edge. The area average effectiveness
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comparison reveals the overall film cooling protection on the platform over a wide range
of blowing and density ratios. The results show that the optimal momentum flux ratios are
I=1.35 and I = 1.65 for the cylindrical and fan-shaped hole designs, respectively.

Heat transfer characteristics in the internal coolant passages are reported in terms
of Nusselt number ratios. A total of five different rib configurations have been considered,
including the smooth surface case, the 60 deg rib, and 45 deg rib with various rib coverages
near the tip turn. The strength of the turn induced secondary flows and the turbulence
intensity seem to be suppressed by the accelerating flow in the second passage. The
geometry of the 180 deg tip turn together with the rib turbulators greatly alter the heat
transfer characteristics, especially for the surfaces in and after the turn portion. Rotation
effects on heat transfer on the leading and trailing surfaces in regions upstream and far
downstream of the turn generally follow the trends as found in a constant aspect ratio
channel. For the tip surface, significant heat transfer reduction was seen at certain rotation
numbers for all surface configurations. Pressure loss coefficients on both the leading and
trailing surfaces under rotation are presented. A decrease in the overall pressure penalty
was observed for all roughened surface cases under rotation. To conclude, heat transfer and
pressure loss characteristics are highly sensitive to the geometrical and rib design of the

cooling channel and these factors should be taken into consideration in the design process.
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APPENDIX A

DRAWINGS OR PICTURES OF TEST SECTIONS

Some CAD drawings and a picture of the test sections are documented in this

section.
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Figure 52 Design of the base plate of the five-blade linear blade cascade
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Figure 53 Design of the upstream purge plenum assembly with swirled injection
holes
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Figure 55 Design of the platform plenum
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Figure 56 Internal cooling test section assembly on the rotating facility
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