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Song Xue

The contribution of present research work is toegxpentally investigate the effects of
blowing ratio and mainstream Mach number/Reynoldsiver (from 0.6/8.5X10to
1.0/1.4X16) on the performance of the fan-shaped hole injetitebine blade and vane.
The study was operated with high freestream turtmdentensity (12% at the inlet) and
large turbulence length scales (0.26 for blade3 @02 vane, normalized by the cascade
pitch of 58.4mm and 83.3mm respectively). Both @mtive heat transfer coefficient, in
terms of Nusselt number, and adiabatic effectivera@e provided in the results. Present
research work also numerically investigates thekHitm cooling interaction. A detailed
analysis on the physics of the shock/film coolimgeraction in the blade cascade is

provided.

The results of present research suggests the foljpmajor conclusions. Compared to
the showerhead only vane, the addition of fan-sthéyeée injection on the turbine Nozzle
Guide Vane (NGV) increases the Net Heat Flux RadncfNHFR) 2.6 times while

consuming 1.6 times more coolant. For the bladeybioed with the surface curvature
effect, the increase of Mach number/Reynolds nunrtesults in an improved film

cooling effectiveness on the blade suction sidéabecompromised cooling performance
on the blade pressure side. A quick drop of coobffgctiveness occurs at the shock
impingement on the blade suction side near théngaedge. The CFD results indicate
that this adiabatic effectiveness drop was caugeatidostrong secondary flow after shock
impingement, which lifts coolant away from the S8face, and increases the mixing.

This secondary flow is related to the spanwise moiferm of the shock impingement.



RECOGNITION OF CO-AUTHORS

Wing F. Ng is the Chris Kraft Endowed Professortive Mechanical Engineering
Department at Virginia Tech. Ng's research intefestises on the experimental studies
of aerodynamics and heat transfer in gas turbirggnencomponents. He has received
several teaching awards from the Virginia TechtHa present research, Ng was the
primary advisor and mentor throughout the duratdrthe film cooling projects. He

coordinated the research expenditures and the iexgetal facilities.

Srinath Ekkad is the Professor in Mechanical Engyiimg Department at Virginia Tech.
Ekkad’s research interest focuses on experimenthinamerical studies of film cooling
the gas turbine engine components. In the pressearch, Ekkad was the co-advisor. He

provides technical guidance in the present research

Andrew Newman was a Master’s candidate with thenoaic Wind Tunnel Lab at the
Virginia Tech during the film cooled vane projekte received his Master's degree in
May 2010. Newman’s contributions to the film cooledne study include the initial
design of the experiment, the wind tunnel testisecsetup, the experiment operation,

and data post-process.

Hee-Koo Moon and Luzeng Zhang are engineers inrSalebines Inc. The experimental
research on film cooled vane and blade was findp@ponsored by the Solar Turbines
Inc. Moon and Zhang coordinated the research goalgprovided technique supports for

the present research.



The experimental studies in this dissertation vagensored by Solar Turbines Inc. and
conducted under the direction of Dr. Hee-Koo Moad Br. Luzeng Zhang. | would like

to thank them for their support of the projects.

| would like to express my deepest sense of gasitto my advisor Dr. Wing Ng for
giving me the opportunity, and continually suppugtime to study and work as a PhD
candidate in the Transonic Wind Tunnel Lab at VirgiTech. Dr. Ng has been a great
mentor as well as a great manager. He made a pédioce on giving student proper
guidance and adequate trust and responsibility.t Mbshe things | have learned from
him substantially helped the research process,valhde valuable in my future life. |
also want to thank my co-advisor Dr. Srinath EkKad his patient guidance and
inspiration throughout the research in this disgenm. | would like to express my feeling
of gratitude to the members of my committee, Dilebj Dr. Tafti, Dr. Dancey, and Dr.
Devenport for their help and advice during the seuof my research. Special thanks
should be extended to Dr. Diller and Dr. Tafti fireir helpful discussion on the
experimental data analysis and suggestions on festudy.

Thanks to all the members of the research teameiftansonic Wind Tunnel Lab. It was
very nice to work with Santosh Abraham, Kapil Panéaadrew Newman, and Anto
Karu. Special thanks to Colin Reagle and Jacobniwit for their inspiring discussions
and help on my language improvement. | am alscefyriato the graduate students in
other groups, such as Ramesh and Arnab; the ladM& office, such as Diana, Brandy
and Cathy; the members of ME Machine Shop, suclichsny and Bill; and the IT
technicians Ben and James. Their excellent contoibsi to our department made a great
environment for my research, without which the ssdould not have been achieved in

such a short duration.

Finally, 1 would like to thank my parents, Yuanxidgie and Shaorong Wang, and my
girlfriend, Sha Wang. Their unconditional love isvaluable support to me, which



provides me the strength and enthusiasm to overtbendifficulties in my research. Any

achievement in my life owes its existence to them.



This dissertation is organized in a manuscript farthat mainly includes three individual
research papers that document present studies mshéped hole film cooling. The
author was responsible for most aspects of expetmhestudies, which includes
designing the test section, instrumentation, cotidgdests, processing and analyzing
data. The author was also responsible for all aspet the 3-D CFD study of the
shock/film cooling interaction, which includes, geetry generating, meshing, boundary

condition setting, and post-processing and anabfdise data.

In the first paper, experiments on a fan-shaped fimh cooled blade was performed in a
2-D linear turbine blade cascade at transonic Magimber and high inlet freestream
turbulence intensity (12%) with a large length ec@.26 normalized by cascade pitch).
The convective heat transfer coefficient and the ftooling performance data were
recorded at three different exit Mach/Reynolds neraland two different blowing ratios.
The data was reported in terms of Nusselt numberaaiabatic film effectiveness. The

data was presented at thé"58IAA Aerospace Science Meeting.

The second paper is a 3-D CFD study of the shdek/Gooling interaction. In the
experimental study of the first paper, a quick dodfilm cooling effectiveness has been
observed at the location of the shock impingementhe blade suction side near the
trailing edge. It is believed the film cooling effaveness trend was influenced by the
shock impingement. The objective of the study | $lecond paper is to use CFD tool to
explore the flow physics of the shock/film coolimgeraction, and to explain the trend of
the film cooling effectiveness that is observedthe experiment. The centerline film
cooling effectiveness is presented and compareld tivé experimental data. Detail flow
structure plots and discussion on the shock/filmliog interaction are provided. This

paper is being prepared to be presented at theoTexpo 2013 conference.

In the third paper, film cooling performance testye conducted in a 2-D linear cascade
of a turbine NGV profile. Data were recorded atethrexit Mach number/Reynolds
number combinations: 1.0/1,400,000; 0.85/1,150,G0® 0.60/850,000. At exit Mach
numbers of 1.0 and 0.85, three blowing ratio cood# were tested: BR = 1.0, 1.5, and

Vi



2.0. All tests were performed at high freestreanmbulence intensity (12%) with large
length scale (0.28 normalized by the cascade pitsfgne surface film cooling
effectiveness and net heat flux reduction distidng were presented and compared with
literature. The data was presented at the TurbawBEQ11 conference, and the revised

paper has been accepted by the ASME Journal oiomabhinery.

After the main part of the dissertation, there arseries of appendices which provide
additional information of the experimental and nuiced studies. The appendices include
extensive literature review of shock/film coolingteraction, experimental setup,

uncertainty analysis, and the entire set of expemal data of the film cooled blade.
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Paper 1 experimentally studied a fan-shaped htie dooled blade in a 2-D linear
turbine blade cascade at transonic Mach numberhagidinlet freestream turbulence intensity
(12%) with large length scale (0.26 normalized bgaade pitch). The convective heat transfer
coefficient and the film cooling performance datarev recorded at three different exit
Mach/Reynolds numbers and two different blowingosat The paper has been presented at the
50" AIAA Aerospace Science Meeting (AIAA-2012-0368)andiary 2012, in Nashville,

Tennessee. It has also been edited and submittad ®AA Journal of Propulsion & Power.
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An experimental investigation was performed todgtuhe cooling performance and
convective heat transfer on a film cooled turbiftedb surface. A 2-D linear cascade model of
the first stage turbine rotor blade of a land-bagasiturbine was employed in the study. The film
cooling configuration on the blade comprises 0b@s of fan-shaped holes on the pressure side
(PS), and 1 row of fan-shaped holes on the sudida (SS). The tests were performed in the
Virginia Tech transonic wind tunnel facility, whicdimulates engine representative conditions of
high turbulence intensity at the inlet and transdliach numbers at the exit, with matching
Reynolds number. All the tests were performed lat turbulence intensity of 12% with integral
length scale of 0.26 normalized by cascade blati#.pExit Mach number of 0.67, 0.84, and
1.01 were chosen for the tests. Two combinationslafing ratios at different rows of cooling
holes were tested. (Nominal blowing ratio settiags: suction side injection BR=1.2 and 1.6;
pressure side row 1 BR=2.8 and 3.8; pressure side2 BR=2.2, and 2.8.). The adiabatic
effectiveness trend indicates that the combinadiollach number change and surface curvature
has an important influence on the cooling film depenent on a blade surface. Compared with
the solid blade data, the Nusselt number was autptidyy the fan-shaped hole injection. The
highest augmentation factor of 2.0 was observethénnear hole region. The Nusselt number
increases on both SS and PS as the exit Mach/R¥synamber increases.



BR blowing ratio

C chord

Cp thermal capacity

D cooling hole inlet diameter

LE leading edge

Mex exit Mach number

Nu Nusselt number

P spanwise spacing of cooling holes

Pr Prandtl number

PS pressure surface

Rec exit Reynolds number based on true chord
SS suction surface

St Stanton number

T temperature

TE trailing edge

TFG thin film gauge

Tu streamwise freestream turbulence intensity
U local velocity

X blade surface distance from stagnation poing#tige indicate pressure side)
h heat transfer coefficient

k thermal conductivity

q” heat flux

t time

y surface depth

Greek

Thermal diffusivity

local density



adiabatic effectiveness

Subscripts
a air

aw, w adiabatic wall, wall

c coolant

o] uncooled

r recovery condition

X surface local distance
¥ freestream

As a result of pursuing high efficiency and hightput in gas turbine engine design, the
turbine inlet gas temperature is being pushed tond that no conventional material could
sustain from melting without additional thermal {@ation. So far, film cooling technology has
been developed as the most effective thermal grotrescheme. In film cooling, cool air is
injected from small holes in the blade walls, gatieg a thin, cool, insulating layer along the
blade surface to separate the blade from the twofiga.

Kuepper [1] reported the first film cooling expeent on turbine blade profile in
Germany and called it “Boundary-layer Cooling”. Hatal. [2] provide a detailed summary of
film cooling technology in gas turbines of all wopkior to year 2000. The effect of parameters
such as Mach number, Reynolds number, turbulennsity, blowing ratio, coolant-to-gas
temperature ratio, coolant-to-gas density rati@laa-to-gas pressure ratio, and injection angle
have been studied. A warm wind tunnel was empldageueasure both heat-transfer coefficient
and adiabatic effectiveness. However, most of tlstsdies were focused on coolant injection
from a cylindrical hole. Although, Goldstein et 8] had demonstrated the potential of shaped
hole film cooling over that of cylindrical holes D74, in the early years, for the purpose of
studying details of the injection flow structurepsh of the fan shaped hole injection cooling

studies were large scale simulations, which werfopaed on a flat plate in low speed wind
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tunnels before 2000. Bunker [4] presented a detaifglate on the effectiveness of shaped hole
film cooling in modern gas turbines in the consadien of both cooling effectiveness and
manufacturability. The basic idea of using a faapsd hole to replace a cylindrical hole is that,
on one hand, the expanded cross-sectional areacawdihe injection velocity, therefore
restraining the coolant from penetrating the cftss boundary layer; and on the other hand, the

lateral expansion of a fan-shaped hole providebspanwise coolant coverage.

Fan-shaped hole film cooling in cascade wind tlitest has been the focus of studies in
recent years. For example, Colban et al. [5-6]queréd a series of experiments on film cooled
NGV in a low speed linear cascade wind tunnel usirgjeady-state Infrared camera technique.
Other studies have looked into high Mach number laigth free stream turbulence intensity
effects on film cooling. Zhang and Pudupatty [7H &hang and Moon [8] studied the shower-
head and shaped hole film cooling effect on a N@stade at exit Mach number 0.6 with a free-
stream turbulence intensity of 12%; Schnieder ef%ltested the film cooling effect on the PS
of a NGV with shower-head and multiple rows of gtjpole cooling, at exit Mach number 0.6
with an inlet turbulence intensity of 15%; Newmah at [10] reported both heat transfer
coefficient and adiabatic effectiveness on an NGivface with shower-head and shaped hole

injection under high Mach number conditions withilet turbulence intensity of 12%.

In addition to the studies on NGVs, there are mather film cooling studies on cascades
of turbine blades. However, most studies have beemormed at low speed or low inlet
turbulence intensity. Very few reported experimestadies on shaped hole film cooling on a
turbine blade at high Mach number with high freeeat turbulence. Zhang and Moon [11]
reported their study on multiple rows of fan-shapetk film cooling in a linear blade cascade,
using the pressure sensitive paint (PSP) technlgubeir paper, only the adiabatic effectiveness
was reported. In open literature, there is no hield experimental data on the heat transfer
coefficient of a fan-shaped hole film cooled blatetransonic Mach number with high free-

stream turbulence intensity.

The main objective of this paper is to explorefime cooling performance of fan-shaped
holes in a turbine blade cascade under transonchMamber conditions with high turbulence
intensity. The adiabatic film cooling effectivenedsthree exit Mach numbers and two different
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blowing ratios will be presented. The heat trangfeefficient will be presented in terms of

Nusselt number.

The experiments were performed in the Transonisc@@e Wind Tunnel at Virginia
Tech. The facility is shown in Figure 1. 1 schemwslty. It is a blow-down, transonic, transient
wind tunnel, including a heating loop for heat sfam testing. The facility is capable of tests with
cascade exit Mach numbers from 0.4 to 1.2. Forhét transfer tests, the mainstream flow
temperature can be set as high as 115°C at theostdre blow-down. More details of the test
facility and method can be found in the report layulo et al. [12].

Valve 1

Heat exchanger Valve 3 Test section
|

Figure 1. 1. Virginia Tech Transonic Cascade facil ity

In the present study, the free-stream turbulenze generated using a passive turbulence
grid upstream of the test section, as shown inreidu 2. The turbulence intensity at the cascade
inlet, 0.5 axial chord upstream of the center bledeling edge, was measured to be 12% with an

integral length scale of 0.26 normalized by thecads pitch.



Passive
turbuence grid 5O

Instrumented
blade

Figure 1. 2. Close-up blade cascade test section

The tested blade profile was provided by Solarbings Inc., and the basic parameters
are shown in Table 1. 1. Only the instrumented éladthe center of the cascade has coolant
injection. There are 3 rows of fan-shaped holetherblade surface, with one row on the SS, and
2 rows on the PS. The SS cooling holes have a dlivgction inclination angle of £0with its
exit located at X/C=0.304 from the leading edgethBows of the PS cooling holes have a flow
direction inclination angle of 45with their exits located at X/C=-0.299 and X/C#T0, from
the physical leading edge respectively. The inlatngter of the cooling holes is 0.79 mm. Each
of the cooling holes has alteral expansion angle and & 1fid-back angle at the exit, which
makes the outlet/inlet area ratio to be 3.0. Timestaaped holes do not have spanwise compound
angle. Each row of cooling holes includes 15 holeish the spanwise spacing between two
holes (P/D) equal to 5.5 times of the hole inletnaeter. The three rows of cooling holes are
supplied by three plenums separately, with a plediameter of 4.83 mm, as shown in Figure 1.
3.



Table 1. 1. Test blade parameters

True Chord G 69.85 mm
Pitch P 58.17 mm

Span - 152.40 mm
Film-Cooled Span - 63.50 mm
Inlet Angle - 40.00 degree

Exit Angle - 67.5 degree
Coolant Hole Diameter D 0.79 mm

The blade surface temperature was measured uktigymn Thin Film Gages (TFGSs).

The gages were manufactured by Air Force Reseaathusing the method described by Joe

[13], with a similar design as the Oxford gagesDaforly and Oldfield [14]. The gages were

instrumented at the midspan of the blade, so tiegt &ll follow the centerline of one of the fan-

shaped holes (Fig. 1. 3).

~ Shaped hole SS — Blade profile

\ Jw " TFG
!

Inlet angle

Shaped hole PS1

58.17 mm
pitch

- Exit angle
- Shaped hole PS2
— a ole

>
“%.

—

e i e i
@ ®) K .

Figure 1. 3. a) blade cascade geometry; b) injectio  n hole geometry and instrumentation

There are 15 valid gages instrumented on thehbieste as is shown in Figure 1. 3.

Downstream of the SS cooling holes, 11 gauges astrumented in the region of

8



0.42<X/C<1.29. One gage was instrumented betweefirgt and the second row of the holes on
the PS at X/C=-0.363; 3 gages were instrumentechdtveam of the second row of holes on PS,
at -0.701<X/C<-0.560. With the TFG technology, firesent data are available only along the
centerline of fan-shaped hole.
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Figure 1. 4. Time history of upstream total pressur e and total temperature

Figure 1. 4 shows the time history of upstrearalttmperature and total pressure. The
data reduction time window for linear regressiomgess begins 2 seconds after the tunnel

starting, and lasts 3 seconds.

The test blade was made of a special ceramic,dtassvn as Macor ®, which has low
thermal conductivity (k=1.46 W/m°C). A 1D assumptiaf surface heat flux (eq. 1.1) is valid on
the test blade during the data acquisition timedew. A finite difference code developed by

Cress [15] was employed to calculate heat flux.

a*T _ 19T
dy?  adt

(1.1)



A linear regression method developed by Popp.d4iLé] was used to determine the heat
transfer coefficient and film cooling effectivenedtis method starts with the fundamental

convective heat transfer equation

q” = h(Taw - Tw) (1.2)

The adiabatic effectiveness (non-dimensionalizéidletic wall temperature) is defined

as

Taw _ TT‘

(s .

where Tr is the recovery temperature, which isigeined by the assumed recovery

factor () and the local Mach number.

Combining Equations 1.2 and 1.3 yields a linegression of the relationship between

heat flux and adiabatic effectiveness in the fofrg @ mx + b.

" T_T
! =h(r_w)—h-n (1.4)

To reduce the uncertainty a dual-data-regressiethad was employed in data reduction.
For this technique, two runs are performed at idahmainstream flow conditions and blowing
ratio but with different coolant temperatures. Tteshnique reduces uncertainty by increasing
the number of data points used for regression ddahg points closer to the x-axis, reducing the
distance the line fit is extrapolated to calculeftectiveness. Figure 1. 5 shows the double linear
regression technique performed on a sample dajaw#tbt heat transfer coefficient and film

effectiveness highlighted.
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Figure 1. 5. Dual-data-regression line fit

Uncertainty was calculated based on errors presenneasured data which were
propagated first through the finite difference a#étion of q” then through the linear regression
of heat transfer coefficient and film effectivene&sror in heat flux was calculated using
Moffat’s [17] perturbation method due to the finié#ference code used to calculate heat transfer
coefficient and adiabatic effectiveness. Brown @woteman’s [18] linear regression analysis was
then used to calculate the uncertainty of heastearcoefficient and film effectiveness based on
the x and y-axis uncertainties. The average unogytan heat transfer coefficient is + 8% of full
scale, and an average uncertainty in film effectegs is £ 0.08. More details on the data
reduction method and uncertainty analysis can badan the report by Newman et al. [10] and

Newman [19].

When using chilled coolant, the coolant to maeestn density ratio changes from the
room temperature case. In general, the density adtchilled coolant is about 7% ~ 15% higher
than that of the room temperature coolant. Ekkadl.ef20] have shown, for higher blowing
ratios (BR>1), increasing of coolant density withirtertain range showed no appreciable effect
on film effectiveness distributions. Based on timformation, film effectiveness distributions
from the present study should not be affected bggusvo coolant temperatures as all cases

considered are at BR>1.

In the following discussion, the heat transferfioent will be non-dimensionalized as
Nusselt number, defined in Equation 1.5.
11



=
oy

Nu =

(1.5)

The tests were performed at multiple exit MachiiRdgs numbers. Table 1. 2 shows the
matrix of test conditions. The Reynolds numbersewsased on the exit velocity (m/s) and blade
true chord (m). In the current test facility the dhlanumber and Reynolds number are coupled

and cannot be changed independently.

The coolant blowing ratio, as defined in Equatibf, of each row of the fan-shaped
holes was calculated based on the plenum totaspresand the local static pressure at the
cooling hole exit. The metering area for the hadethe inlet area.

pcUc

BR =
ol (1.6)

Table 1. 2. Matrix of basic test conditions

Inlet | Exit Exit Re Nominal Blowing Ratio Density Ratio
Tu Ma BR 55 P51 P52 55 P51 P52
0.7 | 8.ax10° | HighBR | 16 | 4.0 | 31 | 143 | 164 | 1.54

lowBR | 1.1 | 27 | 22 | 120 | 1.43 | 1.39
Losxio | HighBR | 1.6 | 37 | 2.8 | 1.62 | 1.60 | 1.49
lowBR | 1.3 | 3.0 | 22 | 1.20 | 1.44 | 1.38
La2xigf | HighBR | 15 | 3.8 | 2.9 | 130 | 142 | 139
lowBR | 1.2 | 2.9 | 24 | 123 | 136 | 1.33

12% | 0.84

1.01

In the first part of this section, the isentroMach number distributions are given, and a
comparison of Stanton number with the flat plateelation is presented to provide fundamental
insight on how the boundary layer is behaving antitade surface. Then, the data recorded at

different Mach numbers and blowing ratios was pmesst The trends of Nusselt number and

12



adiabatic effectiveness were discussed. The filoling effectiveness is highly dependent on the

interaction between the coolant injection flow @he blade boundary layer flow.

Figure 1. 6 shows the local Mach number distrimgj which was measured by Carullo
et al. [12] on the solid blade surface. The flowederates over most of the pressure side except
for a short deceleration region downstream of thgrstion point (x/c=-0.25). The flow on the
suction side continually accelerates up to throaa &x/c=0.84). For the exit Mach 0.67 and 0.84
cases, the deceleration occurred immediately #feethroat, whereas for exit Mach 1.01case the

acceleration continued to supersonic until the klumcurred at x/c=1.05.

1.4
—4—Exit Ma 0.67
1.2 —&— Exit Ma 0.84
—&— ExitMa 1.01

1

0.8

Ma#t

0.6

04

0.2

Figure 1. 6. Local Mach number distribution at diff ~ erent exit Mach numbers

Stanton number is one of the most commonly useakuares of convective heat transfer.
It is defined as the ratio of heat transfer coeffit and the thermal capacity of the fluid. In
Figures 1. 7 and 1. 8, Stanton number distributmmghe blade with and without film cooling
are compared with the computed analytical valudsotth laminar and turbulent boundary layers
on a flat plate with zero pressure gradient, pigttagainst local Reynolds number (Rex). This
comparison is useful to gain fundamental insighhow the boundary layer is behaving on the

blade surface. The data on the blade without fibmliag (solid blade) was reported by Carullo
13



et al. [12], which was measured on the same bladéle but without cooling holes. The
analytical Stanton number on a flat plate was basetthe correlation presented by Incropera and
De Witt [21]. Equations 1.7 and 1.8 are the equmstiof laminar and turbulent boundary layers
respectively.

_ 0.332Re,*Pr'lk,

t 1.7
* xp, Uy Gy o €9
o = 0.0296Re, **Pri/3_ r
x xpx Ux C,PJ,I ( " )

The experimental data with and without film coglinn Figures 1. 7 and 1. 8, was
recorded at ReC 8x1C. The film cooled data was recorded at low blowiatip.

0.01

= Laminar BL

Turhulent BL
A Solid hlade {Carullo et al. 2007)
A Film cooled hlade (present data)

0.0001
1.00E+04 1.00E+05 1.00E+06 1.00E+07

Re x
Figure 1. 7. SS Stanton number at exit ReC 8x10° comparison with analytical solution on flat
plate with zero pressure gradient

Figure 1. 7 shows the comparison of Stanton nurobéhe SS. The solid blade data first
follows the trend of the laminar boundary layerusioin, but is at a higher level due to the high
freestream turbulence that enhances the convelstae transfer coefficient on the SS. As the

flow develops downstream, a clear boundary layansition can be identified by a quick rise of

14



the Stanton number to the level of the turbuleninoary layer correlation. On the film cooled
blade SS, the Stanton number starts from a valgieehithan the turbulent analytical line. This
may be due to the injection flow disrupting the hdary layer, causing vortices and mixing,
which further elevates the heat transfer coefficigkfter the near hole region the Stanton
numbers decrease slightly. At almost the sameitocathere the boundary layer transition starts
on the solid blade, the Stanton number of film edoblade also starts to increase and finally

reaches the turbulent boundary level.

Figure 1. 8 shows the comparison of Stanton numitbrthe correlations on the PS. The
solid blade data follows the turbulent boundaryetagorrelation all the way to the trailing edge,
which suggests the boundary layer on the PS ig futbulent. Usually, the local acceleration on
the PS is supposed to cause the reversed transitithe boundary layer, and has a stabilizing
effect. However, in the present study, the PS t®m@cave surface with a high curvature. The
surface curvature increase turbulence in the bayrldster on a concave surface in two ways.
One is caused by the centrifugal force, which gatesr Taylor-Goertler vortex. Another is
caused by the extra term in the Reynolds stresatiequdue to the existing of the curvature.
Therefore the turbulence level is high on the R8;3tanton numbers at the first 2 points of film
cooled blade are significantly higher than the weht boundary layer line. As mentioned
previously, this may be caused by the coolant tgaadisrupting the boundary layer. After the
first 2 points the Stanton number decreases tedhe level as the solid blade.

15
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Figure 1. 8. PS Stanton number at exit ReC 8x10° comparison with analytical solution on flat
plate with zero pressure gradient

Figure 1. 9 shows the Nusselt number comparistwdssn the solid blade and the film
cooled blade. Both cases, with and without filmlsapdata, were recorded at exit Re®x10,
and the film cooled blade was at low blowing ratfdhe SS BR=1.1; PS row 1 BR=2.7; PS row
2 BR=2.2.
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Figure 1. 9. Nusselt number comparison between soli  d blade and film cooled blade at Re . 8 X10°

For the solid blade, the highest Nusselt numbebserved at the leading edge, which is
expected as a result of the incoming flow impingimgthe leading edge. Further downstream, as
the boundary layer grows thicker, the Nusselt nusidecrease on both SS and PS. On the SS, it
is conjectured that boundary layer transition stattx/c=0.6. Due to the high acceleration flow
on the SS surface (the acceleration parameterisnréigion is higher than 1.0). This transition
lasts for a long distance, and it completes at X5, where the Nusselt number reaches the
level of a turbulent boundary layer, and thereafitays at the same level. On the PS, since the
boundary layer develops on a concave surface, higisly unstable. As a result, the boundary
layer becomes turbulent very early (Fig. 1. 8).eAthe leading edge region, the Nusselt number
decreases directly to the level of a turbulent lolauy layer, and stays at that level all the way to

the blade trailing edge.

From Figure 1. 9, the first noticeable featuretfor film cooled blade is that on both SS
and PS, in the near hole region, the Nusselt nunsbaugmented by the coolant injection by
approximately factor of 2.0. Nusselt number augrao above 2.0 was reported by Lu et al.
[22] on a flat plate and by Saumweber et al. [28]aosurface cooled by two rows injection.
Further downstream, on the SS, it can be observat the coolant injection causes higher

Nusselt number, compared to the solid blade. Th&ace of the transition region on the film
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cooled SS is much shorter than on the solid blatle.transition completed at X/C=0.84 on the
film cooled blade, and at X/C=1.15 on the soliddelaThis is due to the injection tripping the
boundary layer, and accelerating the transition.tl@nPS, after the two rows of injection, the
Nusselt number decreases quickly to the level ®ttilid blade.

Figure 1. 10 shows the Nusselt number distribgtitor different exit Mach/Reynolds
numbers at low blowing ratio. It can be observeat tihe exit Mach/Reynolds number has a
considerable influence on Nusselt number. Incrgasxit Mach/Reynolds number augments the
Nusselt number on both SS and PS. The same effelgtach/Reynolds number on Nusselt
number was observed by many other studies on filafec and non film cooled surface, such as
Reiss and Bdlcs [24] and Drost et al. [25]. Fromure 1. 10, it can be noticed that there is a dip
in Nusselt number at X/C=1.05 for the Mex=1.01 ca$his may be caused by the

shock/boundary layer interaction.

Figure 1. 11 shows the effect of exit Mach/Reysadimber on adiabatic effectiveness
distribution at a low nominal blowing ratio as t&& BR=1.2, PS row 1 BR=2.8, PS row 2
BR=2.2. On the SS, the adiabatic effectivenesdiiferent exit Mach/Reynolds numbers start
from the same value of 0.33 in the near hole regWithin 0.6<X/C<1.2, the effectiveness is
improved by the increased exit Mach/Reynolds numBdter X/C=1.2, the effectiveness of
different exit Mach/Reynolds number merges toget8anilar to the Nusselt number discussion
above, the trend of the Mex=1.01 case is slighitfeent from the subsonic cases. There is a
plateau of the effectiveness in the region of 0.&%.05, and after X/C=1.05 the effectiveness
drops quickly. This is believed to be caused bystheck/boundary layer interaction, which will
be specifically discussed in another paper with GRidly. The same trend for the subsonic cases
was observed by Newman et al. [10] on a NGV SSitH@nPS, the adiabatic effectiveness is
degraded by the increased exit Mach/Reynolds nunither effectiveness of Mex=0.67 is close
to the effectiveness of Mex=0.84, because the B&iby) ratio of Mex=0.67 is slightly lower
than the other two Mach numbers. This is due to@aihg ratio control issue inherent in the test

setup.
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Figure 1. 10. Nusselt number for different exit Mac ~ h/Reynolds number at Low BR
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Figure 1. 11. Adiabatic effectiveness for different exit Mach/Reynolds number at Low BR

The decay of adiabatic effectiveness on the RBuish faster than on the SS. This trend
was also observed by others such as Takeishi ¢2&l. It was pointed out by Schwarz and
Goldstein [27] that the different effects of cefuigal force on convex and concave surface could

be the main factor that caused the different affeness distributions on PS and SS.
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When the fluid passes over a curved surface, #mdritugal force and the pressure
gradient balance each other. At the near hole negitnen the blowing ratio is not too high,
usually the injection flow has a low streamwiseoedly. The centrifugal force of the injection
flow is too low to balance the pressure gradiehiusl the pressure gradient pushes the cooling
flow towards a convex surface, and lifts it awagnira concave surface. For the extreme high
blowing ratio injection, since the streamwise vélpof the injection flow is higher than the
mainstream, the centrifugal force is larger tham pinessure gradient force, and the curvature
effect on injection flow will reverse. According tbe detail studies on film injection using CFD,
such as Hyams and Leylek [28], the mixing of coblaith the hot gas was mainly driven by the
counter rotating vortices (kidney vortices). Fowlblowing ratio cases, the convex curvature
reduces the kidney vortices, and the concave auneraitensifies it. The famous Taylor-Couette
experiment showed that even without any injectionaoconcave surface the centrifugal force
itself is able to generate vortices, known as tagldr vortices, which mix the flow transversely

between the upper and lower layers in the bounidamgyr.

In the present investigation, as the Mach/Reynalad®siber increases, the local velocity
increases the centrifugal effect on the convex (&8) concave (PS) surface. The effect of
centrifugal force stabilizes the boundary layemflon the film cooled SS and de-stabilizes the
boundary layer flow on the film cooled PS. basedtlo®m discussion above, and the data in
literature, it is suggested in the design of the ftooling system in a high turning gas turbine
blade, less amount of coolant injection is neededilee SS, and the coolant film lasts far
downstream. Thus, less rows of injection is neemtethe SS. On the PS contrary, multiple rows

of injection is needed, because the coolant mixedith the hot main flow very fast.

" #

Figure 1. 12 shows the blowing ratio effect on $é&ls number distribution at Mex =
0.84.
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Figure 1. 12. Nusselt number of different BR at Mex =0.84

The Nusselt number seems insensitive to the chahiglewing ratio on the SS. There is
very little augmentation in the near hole regiontlas blowing ratio increase from 1.3 to 1.6,
which is within the uncertainty. After the first dwpoints, the Nusselt numbers of the two
different blowing ratio cases are almost identicah the PS, increasing the blowing ratio
augments the Nusselt number slightly. It shoulshdiéced that after the first row of injection on

the PS, the Nusselt number of the two differeniig ratios are still very close.

In Figure 1. 13, the adiabatic effectiveness ai tlowing ratios at Mex=0.84 are plotted
together. Generally, the effectiveness is more iseasto the blowing ratio change than the
Nusselt number. Increasing blowing ratio augmeh¢sdffectiveness by an average of 0.05 on
both the SS and the PS.

The blowing ratio effect on Nusselt number ancediffeness on the SS suggests the
boundary layer flow pattern on the SS of low arghtblowing ratio are similar.
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Figure 1. 13. Adiabatic effectiveness of different BR at Mex=0.84

Blowdown experiments on a fan-shaped hole filmledoblade was performed in
a 2-D linear turbine blade cascade at transonic Magmber and high inlet freestream
turbulence intensity with large length scale. Thawective heat transfer coefficient and the film
cooling performance data were recorded at thrderdiit exit Mach/Reynolds numbers and two
different blowing ratios. The data was reportedarms of Nusselt number and adiabatic film

effectiveness.

The data in the present study confirmed the resulliserature on fan-shaped hole film cooling.
Comparing with solid blade data, the Nusselt numbkas augmented by the fan-shaped hole

injection. The highest augmentation factor of 2d&swbserved in the near hole region.

The Nusselt number increases on both SS and RBeasxit Mach/Reynolds number
increases; the effectiveness was improved on thea® was compromised on the PS, by the
increased exit Mach/Reynolds number. The differestrifugal effects on the convex and
concave surface are believed to be the reasoméoditferent trends in effectiveness on the SS
and the PS of the blade.
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The Nusselt number is less sensitive to the blgwatio change than the effectiveness.

Increased blowing ratio appears to enhance effeotiss on both the SS and the PS.
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Paper 2 numerically investigated the shock/filrolow interaction. The objective of the
study in paper 2 is to use CFD tool to explore tlogv details of the shock/film cooling
interaction, and to explain the trend of the filmobkng effectiveness that was observed in the
experiment. The centerline film cooling effectivesewas presented and compared with the
experimental data. Detail flow structure plots adidcussion on the shock/film cooling
interaction were provided. The paper is in prepamator submission to the ASME TURBO
EXPO 2013.
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SHOCK EFFECT ON FAN-SHAPED FILM COOLED TRANSONIC GA S TURBINE

BLADE: CFD AND COMPARISON WITH EXPERIMENT

S. Xue, W. Ng, S. Ekkad
Mechanical Engineering Department
Virginia Polytechnic Institute and State University
Blacksburg, VA, USA

In preparation for IGTI conference publication

A CFD investigation of the shock effect on film ¢iog performance has been carried out

on a fan-shaped hole injected blade model. Thekéhdm cooing interaction on the blade

suction side (SS) near the trailing edge was oleskeirv the experimental study by Xue et al. [1].

The experimental data showed that the adiabatec&#feness has a noticeable decrease (about

25%) at the location of shock impingement. The cibje of the present CFD study is to explore

the details of the shock/film cooling interactioand try to explain the physics of the

observations. The CFD results indicate that thalsdic effectiveness drop was caused by the

strong secondary flow, which sucks the hot air freides and lifts the cooling flow away from

the SS surface, and increases the mixing. Thisnskeey flow is related to the non-uniformity of

the shock in the cross stream plane.

BR

Ma

PR
PS
Re

speed of sound

blowing ratio

chord

cooling hole inlet diameter

Mach number

pressure

pressure ratio (injection total pressure/mtaesn local static pressure)
pressure surface

Reynolds

curvature radius/individual gas constant
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SS suction surface

S surface distance from blade leading edge onfg$tion
T temperature

Tu streamwise freestream turbulence intensity

U local velocity

Greek

adiabatic effectiveness
adiabatic index

non-dimensional temperature ( )
non-dimensional pressure ( )
Subscripts
1 status before the shock
2 status after the shock
aw adiabatic wall
coolant
0 stagnation status
r recovery condition

Film cooling technology has been developed as tbst raffective thermal protection
scheme in gas turbine engines ever since 1940shambleen extensively studied in the past 30
years both experimentally and numerically. The majgectives for film cooling scheme design
is to generate a thin, cool, insulating layer géated air along the blade surface to separate the
blade from the hot gas. The measure of this effectefined by Equation 2.1, known as the

adiabatic effectiveness.

2. 1)

Where s the local recovery temperature of the hot nflow, is the adiabatic
surface temperature, and is the coolant temperature of the injection. Thaialatic

effectiveness is essentially a scalar which reflehe mixing between the coolant film and the
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hot main flow. The experimental studies on film laog prior to year 2000 has been summarized
by Han et al. [2], and the early years (1971-19@&D study on film cooling was list in
Kercher’s bibliography [3].

As reported by Ito et al. [4] and Lutum et al. [6h a gas turbine blade SS, when the film
cooling blowing ratio is not too high, due to trengex surface curvature stabilizing the coolant
film flow, a single row injection cooling effectiness last far downstream. When the turbine
blade operates at a supersonic exit conditios, dommon that one leg of the fishtail shock from
the adjacent upper blade trailing edge impingesSBeboundary layer of the lower blade, as
shown in Figure 2. 1. As the cooling film flow pasghrough the shock impingement on SS, it
interacts with the shock, and causes complicateadggamic and heat transfer interaction. The

present study is dealing with this pattern of slilok cooling interaction.

This pattern of shock/film cooling interaction hlasen experimentally investigated by
Gottlich et al. [6]. In their experiment, the caoamlawas injected from a row of innovative
geometry holes on the PS, and then wrap over tiding edge to the SS. They measured the
adiabatic film effectiveness on the suction sideadflade trailing edge in a linear cascade, and
they concluded that the obligue shock impingemem¢sdnot significantly affect the film
effectiveness. Ochs et al. [7] used a contourede pdand curved surface to simulate shock
impingement at a turbine stage exit. According heirt observation, the shock effect on the
adiabatic film effectiveness is secondary, whenitiection is far upstream (s/d=43). However,

there is a 25% increase of heat transfer coeffi@ethe location of shock impingement.

In the present study, the coolant was injectedcat0s304 on the SS, with the local Mach
number is 0.52 at the fan-shaped hole exit. Thelsbocurs near the trailing edge, at s/c=1.05
(s/d=66 from the SS injection). Unlike the reseborted by Géttlich et al. [6] and Och et al. [7],
some interesting trend was observed in the presgrimental investigation, and the following

CFD study provides detailed analysis of the shdfgdceon film cooling performance.
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Figure 2. 2. The shock structure in a transonic bla  de cascade
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Figure 2. 2. shows the profile of the film coolddde and the geometry of the fan-shaped
hole that is employed in present study. The stream¥lm injection angle is 40 degrees on the
SS, and 45 degrees on the pressure side (PS)njEadan hole inlet diameter is 0.79mm, and its
fan-shaped exit has a 10 degree lateral expansigle at both left and right side, it also has a 10
degree streamwise laid-back angle. The length efhible is about 5d, with spanwise spacing

ratio of 5.5d. More details of the experimentaligetcan be found in Ref. [1].
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Figure 2. 2. a) Film cooled blade profile; b) Fan-s  haped hole geometry

Figure 2. 3 shows the computational domain withcreesponding boundary conditions.
To minimize the computational cost, in the pitcheviirection, only one passage was simulated
from the turbine blade cascade, and a periodic deyncondition was imposed at both top and
bottom. A thin slice, including 3 injection holegas cut from the entire span of the test section,
and symmetric boundary condition was imposed oh beft and right side. In the experiment,
there are two rows of injection on pressure sid8)(Rvhich were also included in the
computational domain. However, the discussion is8 gaper focuses only on the shock/film

cooling interaction occurring on the SS. A compkate of the boundary conditions and operating
parameters is given in Table 2. 1.
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Table 2. 1. Parameters of CFD boundary conditions

Inlet turbulence intensity g 12%
Reynolds number (based on
blade true chord & exit %ody 1.48X10
velocity)
Exit static pressure #s 0.49
coolant total temperature ( 0.77
SS injection blowing ratio )% 1.30
PS1 injection blowing ratio| )%, 3.04
PS2 injection blowing ratio| )%, 2.52
SS injection pressure ratio - 1.16
PS1 injection pressure ratio . .« 1.12
PS2 injection pressure ratio . . 1.10
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Although CFD studies on film cooling have been msigely reported since 1990s, most
of the current CFD tools are still having diffiqplin obtaining film cooling results that
guantitatively agree well with experimental dateowéver, commercial CFD codes are still
being used for film cooling studies, and popularbtlence models are able to provide
gualitatively reasonable predictions of film cogjirperformance. Habeeb et al. [8] made
comparisons of different turbulence models on fidaoling, and concluded kimodel provides
better result. K- model has been employed in film cooling study ngnothers, such as Zhang
and Hassan [9] and Walters et al. [10]. There dse amany CFD studies on film cooling

performed with the k- model, such as Ledezma et al. [11] and Rigby agidiHan [12]. Present



study does not mean to compare different turbulenodels on the prediction of film cooling
performance. In present study, the Reynolds-Aveatagavier-Stokes equations were solved
using commercial CFD solver CFX by ANSYS Inc. The knodel, developed by Wilcox [13],
is selected to compute the Reynolds Stresses. aliteenmatic wall treatment was used for k-
model, with y+ 1.0 for the first layer grid. The k-model was also tried in present study.
Comparing to the result of k- model, the k- model provides similar trend of adiabatic
effectiveness, but the level does not match wethwhe experimental data. Thus, all the

discussions in the rest of the paper are basedeo@ED data computed with kimodel.

Figure 2. 4 shows the mesh of the computationalailonThe overview of the mesh with
the local details at the SS injection was givene Tbcal grid on the SS was refined, with
minimum size of 5.35X16d, to capture the detail flow structure of shoclutbary layer
interaction. The grid was finalized with 2.41¥16odes and 74. 6X%Glements. In the CFX
code, the automatic wall treatment was used foktheturbulence model. Refined unstructured
grids, with the first cell thickness of 1.27 X3d) was employed at the near surface region to give

a better prediction of the boundary layer flow.
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Figure 2. 4. Mesh of the computation domain

Figure 2. 5 compares the CFD and experiment dataheflocal Mach number
distributions on the blade SS and PS. The expetah&fach number was recorded by Carullo et
al. [14] on a solid blade without coolant injectidrut having the same profile. It can be seen that
CFD results match with the experimental data fawsil. The shock impingement location was
predicted at s/c=1.05 from the blade leading edgd=66 from the SS injection), which is
indicated by the sudden drop of the local Mach neimbompared to the experimental data, the
CFD predicts a slightly stronger shock at furthewdstream. Figure 2. 6 shows the centerline

film cooling effectiveness comparison between thpeemental data and the CFD result. The
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CFD result reasonably agrees with the trend of ex@mtal data on the SS, the disagreement on
the PS is probably due to the turbulence modalaito predict the flow on a concave surface.
As it was pointed out by Undapalli and Leylek [1Bhprovements are needed on the current
turbulence models to quantitatively predict thevature effect on the Reynolds stress and
turbulence heat flux. However, the present studuges on the physics of the shock/film cooling
interaction. As long as the CFD is successful iralidmtively predicting the trends of

effectiveness drop at the shock impingement (atls05), the CFD result is adequate for the

detail analysis on the shock/film cooling interaanti

A\ experiment . 74_". 5{& \

—CFD /

=
Y

(=0
o8]

[REY

Ma#
):/
[a5]
[# 2]
N

[4w] @
=9 (=]
E

A
ﬂ 0
PS
1 0.5 0 0.5

sfc

Figure 2. 5. Mach number distributions comparison o f CFD and experimental data

S
<
=

A

Throat 1 Shock L5

36



=+
in

A

“— Experiment

—CFD

(QKAT&Z“ A
Ay

@
Y

i
/

o=
w

€
& 8]

\/.,Aﬂ‘"‘“

N
-‘-‘"B'*-

PS dfe== | == SS
b
-0.80 -0.40 0.00 \].40 0.85\ \1.20
PS injection SIC SSinjection Throat Shock

Figure 2. 6. Centerline adiabatic effectiveness com  parison between different turbulence models
and experimental data

# $ #

As shown in Figure 2. 6, after the near hole regibrthe injection on the SS, the
experimental adiabatic effectiveness decays sldwiyn a value of 0.33. This is mainly due to
the high curvature of the convex surface on thev8t®, smallest R/d=22 (where R is the surface
curvature radius), keeps the cooling film attacteedhe SS surface. According to the detailed
studies on film injection using CFD, such as Hyand Leylek [16], the mixing of coolant with
the hot gas was mainly driven by the counter notatiortices (kidney vortices). However, the
kidney vortices were suppressed after the near leg®mn by the curvature effect on the SS.
Figure 2. 7 shows the velocity vector on the crstssam planes at different distances from the
injection. It can be seen, as the cooling flow depe downstream, the kidney vortices were
reduced, and almost eliminated at s/d=10 (Figurél2and c). Similar observation was reported
by Berhe and Patankar [17] [18] in their CFD stuéifter s/d=10, the curvature effect generates
a pair of vortices, which rotate in the reverseckdion of the kidney vortices (Figure 2. 7 d).
This pair of reverse kidney vortices pushes thelasdotowards the SS surface, and slightly
spread it laterally. When the flow develops furtdewnstream, As the SS surface become flat,
this pair of reverse kidney vortex reduced, ancdmlieared gradually. The surface curvature

effect on film cooling has been summarized by Luteinal. [5]. They suggested that when the
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blowing ratio is not too high, a convex surfacel wilprove cooling performance, and slowdown

the decay of cooling effectiveness.
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The unique observation in the present study is gbek drop of the film cooling
effectiveness within a very short distance afterghock impingement. The flow structure in the
CFD results indicate that one of the major factafsich cause the drop of film cooling
effectiveness are the strong secondary flows mlagethe shock impingement. Figure 2. 8-10
shows the pressure contours and velocity vectowiffrent distances downstream from the
shock impingement. A local high pressure spot camliserved at the centerline above the SS
surface. As the flow develops downstream, the pigissure spot moves quickly away from the
SS surface. Accompanying the motion of the highsguee spot is the dramatic change of the
secondary flow structure. As shown in Figure 2. a8, 1.0d downstream of the shock
impingement, there is a strong motion of seconélary moving away from the SS surface. Near
the SS surface, this lifting motion sucks the hofram sides towards the centerline. The CFD
results indicate this secondary flow from the sitb@gards the centerline begins before the shock
impingement. This is probably due to the propagatibthe spanwise non-uniform shock effect
through the compression pressure waves in the lashMiumber region near the surface causes
the lateral pressure gradient in region immediatgdgtream of the shock impingement. As
shown in Figure 2. 9, at 2.0d downstream of theckhthe lifting flow continues. It can be
observed in Figure 2. 10, at 3.0d downstream othwoek impingement, a pair of vortices forms
at the centerline, but the main trend of the seapndlow is still lifting. Because of this
secondary flow, the cooling flow is lifted away fincthe SS surface in a very short streamwise
distance. Figure 2. 11 compares the temperatutébpfore and after the shock impingement. It
can be observed, the core of the cooling flow afiershock impingement is further away from
the SS surface than it is before the shock. Therskry flow also significantly accelerates the

mixing of cooling flow with the hot main flow.
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Figure 2. 9. Cross stream plots at 2.0d after shock
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The local high pressure spot downstream of thelsiapingement is generated by the
non-uniformity of the shock strength. Figure 2. dtfows the Mach number contour at 1.0d
upstream of the shock impingement. A high Mach nemdpot was observed at the centerline
near the SS surface in front of the shock (abouthi§laer than the adjacent area in spanwise
direction). As Hollyer and Laporte [19] pointed pthie shock strength depends on the upstream
Mach number, and a higher Mach number causes agsirehock. According to the Rankine-
Hugoniot’s relations, the pressure ratio before after an oblique shock can be determined by
Equation 2.2.

/ 01 2346 -~ 7

_,' . (2. 2)

Where P1 is the pressure before the shock, P2iprissure after the shock; Mal is the Mach
number before the shock; is the impingement angle of the oblique shock. Phnessure
distribution before the shock impingement is almasiform in spanwise direction. From
Equation 2.2, with the Mach number distributionisieasy to predict the high Mach number spot
will cause a high pressure spot after the shocknggment. This was confirmed with the result
observed in Figure 2. 8 (a). The Mach number gradiethe direction normal to the SS surface
is due to the velocity gradient from the SS to B&in the cascade channel. The Mach number
gradient in the spanwise direction is mainly causgdhe local low temperature at the core of

the cooling flow.
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As discussed above, it is believed the lifting motiof cooling flow driven by the
secondary flow major reason that causes the filoling effectiveness to drop after the shock
impingement. The drop of effectiveness after theckhimpingement is not apparent in the
reports by Gattlich et al. [6], Ochs et al. [7]. ©of the reasons may be that the surface curvature
in their models is not as high as that in the prestudy. Their coolant may be diffused in
spanwise direction before the flow approaches tmacls impingement. Thus their shock is
uniform in the spanwise direction. However, In Osheport [7], a fast decay of effectiveness
after the shock impingement is still observable nvtiee shock impingement occurs closer to the
injection holes (s/d=8). It has to be pointed autmparing with the experimental data, the
present CFD study over predicts the shock effeaherfilm cooling effectiveness. Similar over
prediction on the shock/film cooling interactionsvaso observed in the study reported by Luchi
et al. [20], when they tried to match their CFDadafith the experimental data reported by Ochs
et al. [7]. The over prediction on shock/film cagjiinteraction is probably due to the turbulence
model used in the present study under predictediffiesion and mixing of the cooling flow.
Thus, the non-uniformity of the shock impingemamtdFD is much stronger than that in the
experiment.
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A CFD study on the shock/film cooling interactionasv performed using popular
turbulence models with the ANSYS-CFX codes. An@indi shock forms at the trailing edge of a
turbine blade, and impinges on the SS of the adjddlade. The cooling film was injected in the
subsonic region upstream of the SS. The compansttnexperimental data shows a reasonable
agreement on the trend of the centerline adiale#fiectiveness.

A drop of the film cooling effectiveness was obsehafter the shock impingement in the
experimental data. The details of flow structureenvexplored with the CFD results. The CFD
data indicates that the drop of cooling effectiveeneas caused by the secondary flow, which is
related to the non-uniformity of the shock impingamh The discussion and comparison of
present study and the observations in literatuggests the shock/film cooling interaction may
vary, according to the flow structure upstreamhaf $hock. In a highly turned gas turbine blade,
the shock impingement may compromise the film ecapperformance substantially. Therefore,

it may be necessary to add some extra cooling tifteeshock impingement on the SS.
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In paper 3, experimental investigation was perfran film cooling performance in a 2-
D linear cascade of a turbine NGV profile. Data everecorded at three exit Mach
number/Reynolds number and multiple sets of blowatdgp. All tests were performed at high
freestream turbulence intensity (12%) with largegtd scale (0.28 normalized by the cascade
pitch). Vane surface film cooling effectiveness aret heat flux reduction distributions were
presented and compared with literature. The pajpesr been accepted WSME journal of
TurbomachinerfTURBO-11-1250).
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An experimental study was performed to measuréaseirNusselt number and film
cooling effectiveness on a film cooled first stagezzle guide vane (NGV), at high freestream
turbulence, using a transient thin film gauge (TR@&ghnique. The information presented
attempts to further characterize the performancesiudped hole film cooling by taking
measurements on a row of shaped holes downstredeadihg edge showerhead injection on
both the pressure and suction surfaces (hereaBearfd SS) of a 1st stage NGV. Tests were
performed at engine representative Mach and Regnoldnbers and high inlet turbulence
intensity and large length scale at the Virgini@iT@D Linear Transonic Cascade facility. Three
exit Mach/Reynolds number conditions were tested)/1]400,000; 0.85/1,150,000; and
0.60/850,000 where Reynolds number is based on epqditions and vane chord. At
Mach/Reynolds numbers of 1.0/1,450,000 and 0.85010D0 three blowing ratio conditions
were tested: BR = 1.0, 1.5, and 2.0. At a Mach/REsmnumber of 0.60/850,000, two blowing
ratio conditions were tested: BR = 1.5 and 2.0. tAlits were performed at inlet turbulence
intensity of 12% and length scale normalized by tascade pitch of 0.28. Film cooling
effectiveness and heat transfer results compardldmth previously published data, showing a
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marked effectiveness improvement (up to 2.5x) ower showerhead only NGV and also
agreement with published showerhead-shaped ho&e Nat heat flux reduction (NHFR) was
shown to increase substantially (average 2.6x) thighaddition of shaped holes, with an increase
(average 1.6x) in required coolant mass flow. Bazsedhe heat flux data, the boundary layer
transition location was shown to be within a cotesisregion on the suction side regardless of

blowing ratio and exit Mach number.

As gas turbine manufacturers ever strive for higédfciency and increased output from
their products, turbine inlet temperatures havenhaereasing as a way to meet this end. The
industry is already to a point where turbine inlhperatures have reached greater values than
blade and vane materials can withstand. In resptantes problem, techniques such as complex
internal and film cooling schemes and thermal bardoatings have been employed to help
increase engine component life and performances 3toidy attempts to further characterize the
performance of shaped hole film cooling by takingasurements on a row of shaped holes
downstream of leading edge showerhead injectiorbath the pressure and suction surfaces
(hereafter PS and SS) of a 1st stage NGV. Datatiggadily available in literature for the
performance of a single row of shaped holes witbm&rhead interaction at high freestream
turbulence intensity, large length scale, and exggalistic Mach and Reynolds numbers.

The freestream turbulence level has a substastiatt on vane surface heat transfer.
Goldstein et al. [1] and Koutmos and McGuirk [2}efenined the turbulence intensity of 15% to
30% at the combustor exit, using can-type modéh witirlers and dilution jets. Inlet freestream
turbulence greater than 10% is usually employedelgarchers in the cascade tunnel tests. For
example Reiss and Boélcs [3] did their tests at D961 Ames [4] operated the experiment at
Tu=12%; Guo et al. [5] ran their tests with Tu=13%]ist a few. The highest levels seen in the
literature is about 20%, but those tests are opérat a very low speed, such as Cutbirth and
Bogard [6] with an inlet velocity of 5.8m/s and @ual.[7] with an inlet velocity of 10m/s. In
this paper all the tests were operated with art ind@stream turbulence intensity level of 12%,

and at transonic exit condition.
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Initial research performed by Goldstein et al. @monstrated the potential of shaped
hole film cooling above and beyond that of cylimdti holes in simplified-geometry flat plate
experiments. Since that time, many others haveoeag@lthe effects of injection angle, row
spacing, row interaction, hole shaping, and mamgmoparameters that have a bearing on film
cooling performance. Many have looked into the aftd hole shaping by way of low speed flat
plate studies such as Schmidt et al. [9], Gritsc.49], and Yu et al. [11]. Studies such as ¢hes
explore different expansion angles in the spansrehmwise directions, often comparing back
to rows of cylindrical holes to emphasize shapel@ performance benefits. Studies such as Bell
et al.[12], Dittmar et al. [13], and Yuen et al4]lhave expanded on Goldstein et al. [8] to
include comparisons of single and multiple rowsfaf shaped holes to multiple rows of
cylindrical holes with compound injection and rows slot-type holes. As it has proved so
beneficial to cylindrical holes, compound injectitor shaped holes has also been a topic of
interest in the previous three studies as well. Wather design factors have been explored by
way of low speed flat or curved plate experimentshsas: hole trenching and tabs (Lu et al.
[15], Dhungel et al. [16]), shaped hole channel sundace flowfields (Wittig et al. [17], Thole et
al. [18], Saumweber and Schulz [19]), effect of mstieam turbulence (Saumweber et al. [20])

and row spacing (Saumweber and Schulz [19]) to rafeev.

Shaped hole research has also been performed &fs NGlow-speed linear cascades.
These studies tend to approximate engine Reynaiddars by way of scaling, however they do
not accurately represent engine-realistic Mach rermBolban et al. [21] performed heat transfer
and film effectiveness measurements in a low-spesstade using a steady state infrared
imaging technique. Their study looked at the eff@ctipstream blowing, and showed that the
presence of upstream blowing reduced the incidexfcget-liftoff at higher blowing ratios.
Colban et al. [22] also performed a comparisonxpieemental shaped hole data with CFD using
different turbulence models, showing that the RNG turbulence model better predicted
effectiveness levels. Chappell et al. [23] perfadnaecomparison of hole types and angles in a
low speed cascade, concluding that compound angkk rnore effect on film cooling

performance than hole shape.

In addition to low speed cascade studies, otheve parformed curved or flat plate studies at

transonic Mach numbers to evaluate shaped holeompeahce. Wittig et al. [17] explored
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internal and external flowfield on a transonic fidate rig. Furukawa et al. [24] explored the
effects of hole shape and angle on a suction sifiel anodel finding that fan shaped holes at
compound angles show a significant effectivenessefiteover shaped holes and cylindrical

holes without compound injection.

There are many studies exploring fan shaped hatldsw Mach numbers and/or with
simplified geometry, however there are comparagivfelver with engine representative Mach
numbers. Fewer still are fan shaped hole cascadgestperformed on vanes at high turbulence
and engine representative Mach and Reynolds numbleasig and Pudupatty [25] and Zhang et
al. [26] look at PS and SS film effectiveness (es$pely) on a first stage NGV with
showerhead and shaped hole film cooling. Tests per®mrmed at transonic exit Mach numbers
(0.74 and 0.61) and high inlet turbulence inten&l0%). Their findings in both cases were that
upstream injection reduced the tendency of jebffifat high blowing ratios, and that little
effectiveness benefit was seen from shaped holeblaating ratios above 2. Zhang and
Pudupatty [25] also found that at higher blowingas showerhead injection augmented the
effectiveness of downstream film cooling rows oe S. Schnieder et al. [27] performed a
study to investigate the effects of showerheadRBdow interaction at high inlet turbulence and
high exit Mach number. Their findings indicated tttiae increased turbulence created by
showerhead injection caused more rapid film diffasof downstream rows of shaped holes.
Other studies such as Thurman et al. [28] haveddak heat transfer due to shaped hole film

cooling, showing local increases in injection rego

In addition to linear cascade studies others lexydored rows of shaped holes in annular
cascades. Guo et al. [29] looked at the effectusifg foreign gasses for coolant to achieve
engine-representative density ratios in a transanilar cascade. Sargison et al. [30] compared

a converging-slot hole geometry to fan shape holéise same facility as Guo et al. [29].

This paper will present the results of heat tranaihd effectiveness measurements on a
film cooled NGV with five rows of showerhead filno@ling and one row of fan shaped holes on
both the pressure and suction sides. These remdtsneasured at three engine-representative
exit Mach/Reynolds numbers and high inlet turbuéerithe main objectives of this paper are to:
investigate the effect of Mach number and blowiatioron showerhead and downstream shaped
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hole film cooling, to compare showerhead only watimbined showerhead and shaped hole
cooling at multipk blowing ratios and Mach numbers, and to perfordHER comparison t

illustrate the overall effect of adding shape hadeling rows

Tests were performed in the Virginia Tech Transdbascade tunnel. This is a transi
blowdown facility, a schematic of which can be seeFigure 3. The facility is also equippe
with a heat exchanger capable of heating the nraiaust flow to 15 C (423 K) for heat transfe
testing. For heat transfer testing, there is -15 second window of steady tunnel respons

which data is taken.
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Figure 3. 1. Virginia Tech Transonic Cascade facility

Inlet turbulence is generated directly upstreanthef test section by way of a pass
mesh grid. The turbulence grid and its relatiothi® cascade can be seerFigure 3. for these
experiments this grid generates a turbulence iittertd 12% and turbulence length sc
nondimensionalized by the cascade pitch of 0.28s Tdxility has been ud by Reagleet al.
[31], Bolchoz et al. [32]and Nasiret al. [33], [34]for vane and blade aerodynamic and |

transfer testing.
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Figure 3. 2. Close-up of vane test section

The vane profile is that of a first stage NGV pdevby Solar Turbines, Inc., and is scaled
1.5x to match engine Reynolds numbers. Detaileddymamic performance of this vane cascade
has been previously published by Nasir et al. [B@&}tails on the vane geometry can be found in
Table 3. 1.

Table 3. 1. Showerhead-shaped hole vane parameters

Heat transfer measurements are taken on the ceser in the cascade. This vane is
made of Corning Macor® machineable glass-ceramiacdvi® is chosen for its relatively low
thermal diffusivity and conductivity, allowing fdhe use of a 1-D semi-infinite assumption in
data reduction. The center vane has a total ofnrsems of film cooling holes: Five rows of

56



showerhead cooling on the LE, one row of shapedshoh the SS and one row of shaped
on the PS.

Showerhead
rows

Figure 3. 3. Showerhead-shaped hole vane profile

The film cooled vane is instrumented with 25 -film type heat flux sensors (TFG:
The gages used in this study are designed sinaléinat of Doorly and Oldfiel(35] and are
manufactured by Air Force Research Lab using th#nogedescribed in Jc[36]. The gages are
applied to the measurement vane at 45% span, andrig@nted such that the platinum sen:
element is along a shaped hole centerline. Tensgageinstrumented on the PS of the vane,

15 are instrumented on the SS.

A finite difference code described by Naet al. [34]and developed by Cre{37] is
used to calculate heat flux, .gThis finite differcnce code solves the b-transient conductio
equation for g” (eq. 3) based on the time response of the vane suréampetrature and tf

thermal properties of the vane mate
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(3.1)

Heat transfer coefficient and film cooling effeeiness are derived using a linear
regression method developed by Popp et al. [38f ethod starts with the convective heat

transfer equation

(3.2)

The equation for film cooling effectiveness (ndmdnsionalized adiabatic wall

temperature).

(3.3)

Where Tc is the coolant total temperature in tle&ym. Equations 3.2 and 3.3 are then
combined to yield an equation expressing heat feameefficient and film cooling effectiveness

in the form ofy = mx + h

(3.4)

For this study heat transfer coefficient will bendimensionalized by way of Nusselt

number as defined in equation 3.5.

(3.5)

The average uncertainty in heat transfer coefftoté + 7% and an average uncertainty in
film effectiveness of + 0.05. In addition to thisadysis, tunnel repeatability was established for
each Mach number case. More details on the expetisetup, data reduction and uncertainty

analysis can be found in Newman'’s thesis [39].
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Measurement results will first be compared witstpudies performed by this group on
a showerhead-only film cooled NGV using the samaedient TFG technique. Results will also
be compared to other available literature with EEmMach/Reynolds numbers, film cooling
configurations, and turbulence levels. Following@ ttomparison, most of the test conditions
listed in table 3. 2 will be presented, and the pa@hensive result is given in Newman’s thesis
[39]. Results will be presented in terms of Nusselmber distributions and film cooling

effectiveness distributions.

Table 3. 2. Test matrix of surface measurements

(s
$ ' 0 ~}s".

Three blowing/mass flow ratios were tested at exaé Mach numbers (Mex = 1.0 and
0.85) with only two blowing/mass flow ratios testaidthe low exit Mach number case of Mex =
0.60. The low coolant flow rates required for BR..8 at the low exit Mach number case of Mex
= 0.60 exceeded the lower physical limitations ¢ film cooling loop, resulting in non-
repeatability. Results will be reported in termseait Mach number and blowing ratio, where
blowing ratio is defined as the ratio of coolanhsiéy times velocity to freestream density times

velocity. Equation 3.6 shows this relationship.

(3.6)
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Mass flow ratio is the relationship of total cagianass flow for all film cooling rows to

passage mass flow as defined below in equation 3.7.

(3.7)

All seven rows of film cooling holes (five LE shevhead, one SS shaped, and one PS
shaped) are fed from a common plenum. The locakiblp ratios of showerhead, SS shaped
holes, and PS shaped holes were determined byléharp total pressure and the surface static
pressures at exit of each cooling row respectivRl.a result of local velocity difference the
local blowing ratios differ remarkably between 3fa®ed holes and PS shaped holes. Table 3. 3
shows the relationship between showerhead blovatig and shaped hole blowing ratio for each
of the three blowing ratio cases tested. It camliserved that when showerhead blowing ratio
changed from 1.0 to 2.0 the PS shaped hole blowatig changed from 1.7 to 3.0 (76%
increase), but SS shaped hole blowing ratio ongnged from 1.1 to 1.4 (27% increase). The
uneven changing of PS and SS blowing ratio caugtsteht trend of cooling effectiveness and

Nusselt number on PS and SS, and this will be dismlilater in the result section.

Table 3. 3. Relationship between showerhead and sha ped hole BR

*! *! *!

Figures 3. 4 and 3. 5 show comparisons of theeptestudy with Zhang et al. [25], [26]
and Schnieder et al. [27]. Zhang et al [25], [2@&revperformed on an NGV of the same profile
with similar hole shapes, but different injectimcédtions. Schnieder et al. [27] is a showerhead-
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shaped hole interaction study performed on the ®$ &oth studies report only film cooling

effectiveness and do not measure Nusselt number.

Figure 3. 4 is a pressure side results compangware the origin of the axis is the shaped
holes injection location and streamwise distanceghenPS increases to the right of the plot.
Figure 3. 5 is a comparison of SS effectivenessrevitiee origin of axis is the shaped hole
injection location, and streamwise distance doven3B increases to the right of the plot.

Figure 3. 4. PS effectiveness literature comparison

The present study shows very good agreement witing et al. [25] on the PS of the
vane (Fig. 3. 4). Since the data of current stidigased on single point measurement by TFG,
and the data from Zhang et al. [25] and Schnietlal. §27] are the spanwise average values, the
slight disagreement on the effectiveness trendkpeeted. Compare to current study and data
from Zhang et al. [25], the data of Schnieder ef24] shows a faster decay of effectiveness.
This may be due to their larger spanwise spacinghéir study p/D=6.0, and in both current
study and study by Zhang et al. [25] p/D=3.5. Thaein study by Schnieder et al. [27] the
blade has a relatively poorer spanwise coverage.
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On the SS, the present study again shows very ggoeement with Zhang et al. [26]
(Fig. 3. 5). Slight differences in trend and lewvehy be due to different test methods as

mentioned above.

Figure 3. 5. SS effectiveness literature comparison

: (

Figures 3. 6 and 3. 7 show experimental Stantonbew distributions from the present
study compared with laminar and turbulent flat @lgBtanton number predictions. This
comparison is useful for gaining fundamental insigko how the boundary layer is behaving on
the surface of the vane. It also serves to showtvelner not the data falls within an acceptable
range of values. For this comparison, the analysohutions for laminar and turbulent flat plate
Nusselt number as presented in Incorpera and De[¥0it are used. Equation 3.8 is the laminar

boundary layer equation and equation 3.9 is tHautant boundary layer equation.

(3.8)

(3.9)

Both of these equations use vane surface distéime the leading edge as the

characteristic length parameter in the calculaddnNusselt number and Reynolds number.
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Results are then converted from Nusselt numbertant& number using equations 3.10 and
3.11 below.

(3.10)

(3.11)

Figures 3. 6 and 3. 7 show experimental data at #86.85 and BR = 2.0 normalized in
terms of Stanton number. Also plotted are the ditallyStanton number solutions for flat plate
laminar and turbulent boundary layer cases caledlasing equations 3.8 and 3.9.

Figure 3. 6 shows the comparison of PS data tdlahelate correlations. Experimental
data shows a fairly good match with the turbuleodiridary layer solution for most of the PS.
The level of the data suggests that the boundgey la turbulent for the entire length of the PS,
and may be a result of high inlet turbulence intgn§l2%). This type of heat transfer
augmentation resulting from high turbulence intgnkias also been shown experimentally by
Blair [41]. The presence of film cooling may alse &ffecting the experimental Stanton number
distribution, creating the large heat transfer aegiation (1.8x the turbulent flat plate solution)

seen at lower Reynolds numbers which correspotitetoear shaped hole region.
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Figure 3. 6. PS M, = 0.85 BR = 2.0 data compared with flat plate corr  elations

Figure 3. 7 shows the comparison on the SS, amehdzoy layer transition is clearly
evident on the plot. Most of the data falls betwé®nlaminar and turbulent correlation lines up
to the transition point, where data shifts to molesely follow the turbulent correlation. The
effect of heat transfer augmentation due to filnelic@ and inlet turbulence can also be seen

before transition in the level and slope differebetwveen the correlations and experimental data.

Figure 3. 7. SS M ¢, = 0.85 BR = 2.0 data compared with flat plate corr  elations
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Figure 3. 8 shows a film cooling effectiveness panson at M = 0.85, BR = 2.0 of data
from the present study with that of Nasir et a#d][INasir et al. [34] presents data taken on a
vane of the same profile as the present study witly LE showerhead film cooling. The
comparison shows that the addition of shaped hmies ron the PS and SS has increased film
effectiveness across the board. Shaped holes sHb®.%x improvement in effectiveness over
showerhead only film cooling across the measuremage with only a 1.6x increase in coolant
usage. It should also be noted that the shaped hakl higher effectiveness values farther
downstream than the showerhead rows. This is texipected with shaped holes as they have
been shown to diffuse less rapidly with streamvdistance than cylindrical hole cooling. One
particular area of interest for both studies hanb@3<X/C<0.50. In this region the showerhead
only data shows an effectiveness plateau, whilestimaverhead and shaped hole vane shows a
sharp effectiveness decrease. Nasir et al. [3dbatitd the effectiveness plateau to high values
of acceleration in this region. High accelerationld have a laminarizing effect on the boundary
layer, resulting in delayed film diffusion and tledfectiveness plateau seen in the figure.
However, the Nusselt number trend (Fig 3. 9) suggbe boundary layer transition starts at X/C
=0.3 for the showerhead only vane, so the filmugitbn could not be delayed in this region. A
more reasonable explanation is stated as followiihg. coolant from showerhead injection could
be patrtially lift-off. Since the acceleration flowear the leading edge keeps the boundary layer
laminar, the coolant diffuses slowly, before X/C3;0and forms a high concentration trace. For
the showerhead only vane, the boundary layer transstarts from X/C=0.3, which is implied
by the increase of Nusselt number (Fig 3. 9). la boundary layer transition region, the
increased turbulence makes high concentration thceolant diffuses faster. Part of the coolant
spreads back towards the surface, which shortlgydethe adiabatic effectiveness decay, and
creates the plateau trend as shown on figure JFhB& plateau then decays quickly after the
throat where the boundary layer turns into fulbuwent. The plateau or even ramp-up trend of
effectiveness at downstream of a cylindrical halgdtion had been observed in other reports
such as the CFD study by Gustavo et al. [42], enpetal study by Rigby et al. [43], and Teng
et al. [44]. The plateau trend did not happen cowsnthead plus shaped hole vane, because the
shaped hole injection dominant the effectivenegshigregion.
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Figure 3. 8. Film cooling effectiveness comparison at M = 0.85, BR=2.0

Figure 3.9 shows a comparison of Nusselt number betweenfaataNasiret al. [34] at
Mex = 0.76, BR = 2.0 and the present study @x = 0.85 and BR = 2.0. Naset al. [34]
presents data taken on a vane of the same prdfilleeapresent study with only LE showerh
film cooling. The first noticeable feature of this plot is cdesably higher heat transfer in t
near shaped hole region. Tissprobably due to the injection flow disruptingethoundary layt.
On the PS athe flow goes downstream, the near hole regioncefgeduces and the Nusselt
number of shaped hole injected vedecreaseso the same level as the showerhead only v
on the SS the decreasing of Nusselt number maybdalthe boundary layer relamiization,
which is driven by théhigh favorable presst gradient.The decreasing trend of the Nus:
number on the showerhead only vane lasts/C=0.3, and then, thHusselt number increas,
which indicates the boundary layer relaminarizatends, and the transition occ. This is
because, after X/C=0.3he acceleration parameter drops to be lower thét0-6, the critical
value of boundary layer relaminarization, which waggested by Mayl[45]. (The distribution
of acceleration parameter on the solid vane witHibut injection was reported by Nasir et
[33].) However, for the shaped hole injected \, after X/C=0.3, the Nusselt number ke
decreasing. On the shaped hole injected vanisselt number starts increasing at the thi

where X/C=0.5. Gmparing to the showerhead only vane, the trefdusselt number on shap
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hole injected vane suggests a delayed boundary teesition.One of thepossible explanatior
for this trend is tht, in the favorable pressure gradient flow on $& besides disrupting t
boundary layer and causing mixing, the shaped impdetion also adds streamwise momen
into the boundary layer, which accelerates the kpeed sublayer, and makes the I
acceleration parameter higher than the criticaluato relaminarize the boundary lay
Therefore, by addition of the shaped hole injegttbe boundary layer transition point on the
was pushed from X/C=0.3 to X/C=C

2000 4+
1500 +
=z o o Lt
V.
cnn 1 u
1
ss
0 ! —_—
-1.00 -0.50 / 0.00 0.50 1.00 1.50
it Showerhead X/C it

Rows
Figure 3. 9. Film cooling Nu sselt number comparison, M = 0.85, BR = 2.0
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Figure 3.10 highlights the effect of increasing exit MachyRelds number on filn
effectiveness distributions at a given blowing catif BR=2.0. The effectiveness of thi
different Mach numbers start at the same valudatnear hole region. As the flow devel
downstream, it seems higher Mach number resultdawer decay of the effectiveness. T
trend has been shown previously in literature byh&éfwlale and Hai[47] for showerhead
injection, and by E. Lutunet al [48] on a convex surface for shaped hole injection.hkir
report, E. Lutum et alsuggested the increased freestream Mach numbeowepithe coolin

effectiveness by slightly changing the boundaryetathickness and suppressing the boun
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layer turbulence production. It was first suggedbgdLiess[49] that the interaction betwet
coolant injection and boundary layer has a sigaifidnfluence on the film effectiveness, wt
the boundary layer displacement thickness e injection hole diameter ratio is close to |
However, n present study, the accurate displacement thiskiseanavailabli The physics of
Mach number/Reynolds number effect on film effestigss in current study is still not ve

clear.
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Figure 3. 10. Effect of exit Mach number on film effectiveness di stribution, BR = 2.0
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Figure 3.11 highlights the effect of increasing blowing catn film effectivenes
distributions. The general trend is that incrs in blowing ratio increases film effectivene
However, as compared with the PS, the effectivenasSsS is less sensitive to the blowing ri
change. This may be due to (in part) the diffetdatving ratios at the PS and SS shaped
rows as a resubf the vane’s single plenum design. As it waswahan Table3. 3, when the
showerhead blowing ratio changed from 1.0 to 216,RS blowing ratio increased from 1.7
3.0, whereas, the SS blowing ratio only increasethfl.1 to 1.4. Less change ofectiveness

on the SS compare to the PS was also observed leyradlet al. [50] In their test the san
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plenum was shared by SS and PS cooling holes, laey dttribute the minor increase

effectiveness on SS to the smaller increase ofl @&y ratio.

d

Figure 3. 11. Effect of blowing ratio on film effectiveness, M ex=0.85

Figure 3. 12. Effect of exi t Mach number on Nusselt number distribution, BR = 2.0
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Figure 3. 12 shows the effect of increasing exatcM number on Nusselt number for the
blowing ratio of BR=2.0. Increasing exit Mach numlbas the apparent effect of augmenting
Nusselt number on both the PS and SS of the measuatevane. A trend of increasing Nusselt
number with increasing Mach number has been shguwiasir et al. [34] as well as others such
as Reiss and Bolcs [3] and Abuaf et al. [51]. Tégian where transition occurs does not appear
to be effected by change in Mach/Reynolds numliés. dccurring in approximately the same
region just upstream of the throat, and is idegdifoy the sharp jump in Nusselt number seen on
the SS. A lack of change in transition region vakianging exit Mach number is consistent with
the findings of Nasir et al. [34] on the showerheady vane.

#

Figure 3. 13 shows the effect of blowing ratio Masselt number for Mex = 0.85. In
general, as blowing ratio increases, Nusselt nunmoeeases on the PS; the SS also shows little
change for all three blowing ratio cases. This rbaya result of lower blowing ratio changes
from the SS shaped holes due to the single-pleraotact feed design, as mentioned before. On
the PS, a trend of increasing Nusselt number withelasing blowing ratio is observed. Nusselt
number augmentation as a result of higher blowatms is generally a result of increased local
turbulence due to coolant injection and mixing.sTtiend has been seen elsewhere in literature
such as Arts et al. [52] and Ekkad et al. [53] aone two. As was the case with varied exit Mach

number, the location of boundary layer transitioesinot appear to change with blowing ratio.
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Figure 3. 13. Effect of blowing ratio on Nusselt number distribution, M ex = 0.85

Net heat flux reduction is a measure to evaluateotrerall film cooling performance

coolant injection. Net heat flux reduction is definbelow in equatio3.12.

(3.12)

In this equation refers to the overall film cooling effectivenesdided as in equatio
3.13.

(3.13)

This value is assumed to be between 0.5 and 0Odfding to Mehendale and H[47]. A
value in the middle of this range (0.6) will be dder NHFR analysis. This value has been
by Mehendale and Han [47Prostet al. [53], and Nasir et al. [34br high speed casca
studies. Heat transfer coefficient is normalizechbyt transfer coefficient data taken by Net
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al. [34] on a solid, uncooled vane without cooling holeshe same facility. This method w

also used by Mehendale and H47] to normalize heat transfer coefficient.

Figure 3.14 compares NHFR data recorded by Net al. [34]on ashowerhead-only
film cooled vane using the same transient TFG tieglenas the present study. As was the
with film effectiveness, the showerhead and shdpad film cooled vane shows higher fil
cooling performance across the entire measuremafdce with NHFR values an average
2.6x higher across the measurement surface. Sihilaselt number values combined with f
effectiveness values 25x that of Nasiet al. [34] result in very large NHFR increases on
PS. On the SS, lower heat transfer augmentation $fwaped hole film cooling results in sligh
smaller gains over the showerh-only case. However, the comparison support findings of
the film effectiveness comparison: that film coglirperformance is greatly improv
downstream of the leading edge by adding shapesstwmi the PS and SS. Again, this avel

2.6x NHFR increase occurs with only a 1.6x increéagie requird coolant mass flow
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Figure 3. 14. Comparison of NHFR from Nasir et al. [34] with the present study at M ¢, = 0.85, BR =
2.0
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Film cooling performance tests were conductedtiimee exit Mach number/Reynolds
number combinations: 1.0/1,400,000; 0.85/1,150,@®m@ 0.60/850,000. At exit Mach numbers
of 1.0 and 0.85, three blowing ratio conditions evegsted: BR = 1.0, 1.5, and 2.0. All tests were
performed at high freestream turbulence levels vimflet turbulence intensity of 12% and
turbulence length scale normalized by the cascaidd pf 0.28. Vane surface film cooling
effectiveness and net heat flux reduction distidng were presented and compared with

literature. The chief conclusions of the studyasdollows:

Film cooling effectiveness data compared well othblevel and trend with existing
shaped hole literature at similar conditions. Stamiumber compared favorably with analytical
laminar and turbulent flat plate boundary layeusiohs, with expected trends reported on the PS
and SS.

The addition of shaped hole rows downstream ofvsileead injection on both the PS
and SS of the vane resulted in film effectivenes®ls averaging 2-2.5x those of a showerhead
only film cooled vane. Comparison of the Nusselinber between the showerhead only vane
and the showerhead plus shaped hole vane suggestédteraction between the shaped holes
injection and pressure gradient delays the bountigmr transition on the SS, and caused a

lower heat flux in the region of 0.3<X/C<0.5.

For constant blowing ratio, the increased exit Mawmber caused slower decay of

effectiveness and higher level of Nusselt number.

For constant Mach/Reynolds number, increasing inigwatio showed increase in film
effectiveness and heat transfer augmentation onPtBe Little significant increase in film
effectiveness or heat transfer augmentation in &8 chay be due to the small change on SS

shaped hole blowing ratio.

A comparison of NHFR between a showerhead only @mubined showerhead and
shaped hole film cooled vane showed that the amfddf a single row of shaped holes to both the
PS and SS of the vane resulted in considerablgased NHFR (2.6x the value of showerhead-
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only NHFR) downstream of the holes. This analysiswed that the addition of shaped holes
reduced the amount of heat absorbed by the PS &nov& showerhead-only injection, with

only 1.6x increase in coolant mass flow required.
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h heat transfer coefficient
k thermal conductivity
M Mach number

Re Reynolds number
Nu Nusselt number

PS pressure surface

q” heat flux

r recovery factor

SS suction surface

T temperature

t time

TFG thin film gauge

Tu streamwise freestream turbulence intensity
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U local velocity
X vane surface distance from stagnation point
C true chord
y surface depth
D cooling hole diameter
A area
BR blowing ratio
LE leading edge
NHFR net heat flux reduction
m mass flow rate
MFR mass flow ratio
Greek
ratio of specific heats
local density
adiabatic effectiveness
overall film cooling effectiveness
Subscripts
¥ freestream
aw, w adiabatic wall, wall
ex exit
[ initial, inlet
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0 uncooled

r recovery
S surface
c coolant
X vane surface distance from stagnation point
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Film cooling scheme has been developed as a smgitést technology. Besides
optimizing the film cooling effectiveness at subisoronditions, there has been interest focusing
on the film cooling in some interesting phenomehsugersonic conditions in recent years, such
as the shock/film cooling interaction. The shodkificooling interaction is a very complicated
phenomenon. Currently, the physics of shock/filnolitg interaction is not fully understood,
and more detailed studies are needed. Accordinthéoobservation in literature, different
patterns of shock/film cooling interaction inducéfetent effects on the heat transfer and film
cooling performance. A literature review on shoitkl/fcooling interaction is presented in
Appendix A.

S $ # . #

In a turbine cascade with supersonic exit flowsitommon that one leg of the fishtail
shock from the adjacent upper blade trailing edgginges the suction side of the lower blade.
This kind of standing shock will influence the filoooling at and after the impingement. This
pattern of shock wave/film cooling interaction Heeen experimentally investigated by Gattlich
et al. [A-1]. The coolant was injected from a rowimnovative geometry holes near the blade
leading edge. They measured the adiabatic filnctWfeness on the suction side of a blade in a
linear cascade, and they concluded that the obbktpeek impingement from the adjacent blade
trailing edge does not significantly affect thedem edge film cooling effectiveness. Ochs et al.
[A-2] used a contoured plate and curved surfaceimaulate shock impingement at turbine
cascade exit. According to their observation, wtieninjection is far upstream, the shock effect
on the adiabatic film effectiveness is secondargwever, the shock effect on heat transfer
coefficient is obvious. The heat transfer coeffitidecreases at the shock position, and suddenly
rises up by 25%, after the flow crosses the shobk. CFD study by Luchi et al. [A-3] simulated
some of the conditions in Ochs et al.’s experiméite CFD result confirmed with the
observation in the experiment, and provided deiailv of the shock/film cooling interaction in

the experimental study.
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Another pattern of shock/film cooling interactioncars near the turbine blade leading
edge. The shock wave, generated at the trailinge exdgthe upstream NGV, will propagate
through the rotor blade passage. When the shock wasses the film cooling injection, it will
have some influence on the local flow status, hemtsfer, and film cooling performance.
Experimentally studies on this kind of shock/filmoting interaction have been performed by
Johnson et al. [A-4], Rigby et al. [A-5], Popp &t[A-6], and smith et al. [A-7]. In these studies,
the shock wave was generated by a shock tube, assl through a linear blade cascade, to
simulate the relative motion due to the blade rotain the real engine. The general conclusion
drawn in these studies is that increase of heatdluthe shock impingement is caused by the
increase of recovery temperature due to shockrgeaind the shockdoes not have an observable

effect on the heat transfer coefficient or the badir effectiveness.

#_. !

Film cooling has been adopted to provide thermalgation for the supersonic and
hypersonic vehicles. When the coolant is directljected into the supersonic/hypersonic
mainstream the film injection generates either kh@ave or expansion waves, depends on the
injection angle and injection velocity. May studiedd been reported on this pattern of shock
effect.

K. A. Juhany and M. L. Hunt in California Institutef Technology carried out an
experimental study on the interaction between gdatal slot injection and a two dimensional
shock [A-8]. The coolant was injected at two diffier Mach numbers, 1.3 and 2.2, into a
mainstream of Mach number 2.4. They found that wthentangential injection Mach number is
large, it adds momentum into the boundary layed &aelps to prevent the shock caused
separation. When the shock is too strong, and tmdant is separated by the high reversed
pressure gradient the recovery temperature deceapedly downstream. However, without
separation, the shock seems has small effect oretio®ery temperature.

T. Kanda et al. [A-9] [A-10] did similar experimenhn the film cooling injection into
supersonic flow. According to their observatiore theak shock, with pressure ratio of 1.2, does
not impact the film cooling effectiveness. The sger shock, with pressure ratio of 1.44, made a

decrease of the film cooling effectiveness. Theyihed the film cooling effectiveness decrease
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to the shock heating. They also observed a momentansfer from the mainstream to the
coolant in the interaction region.

K. Takita and G. Masuya from Tohoku University didmerical study on the tangential
injection into a supersonic flow [A-11] [A-12]. AW Reynolds number kturbulent model was
employed to count in the eddy viscosity when theasation occurs. They concluded that the
shock impingement does significantly change thektiess of the mixing layer of the coolant
and the main flow. However, the turbulence kinetieergy was doubled after the shock. The
decrease of film cooling effectiveness is due te Mach number drop at the shock. The
injection Mach number increase mitigates the shooknpromising on the film cooling
effectiveness.

In the experimental investigations by Ligrani et[&-13] and M. Gritsch et al. [A-14],
the coolant was injection from discrete cylindribales into the supersonic main flow with an
inclination angle of 30 degree. No shock generatas employed, and the shock wave develops
in the immediate vicinity of the film-cooling hole¥hey observed an increased film cooling
effectiveness in the near hole region. They atteduhis to the pressure gradient at an oblique
shock forcing a larger concentration of coolarthi® surface.

K.A. Heufer, H. Olivier [A-15] tested the film cdab in hypersonic flow on a wedge
model. They concluded that within a certain lintite blowing ratio increase will improve the
film cooling effectiveness. Reducing of the inctioa angle increases the limit of blowing ratio.

The CFD investigation carried out by Zhang and Hag#\-16] simulates film cooling
on a supersonic air profile, which was experiméytstudied by Furukawa, and Ligrani [A-17].
The coolant was injected at the location wherelldach number is close to units. It was found,
when the blowing ratio is above 2.0, the obliquecshdetaches from the injection hole leading
edge, and the film cooling effectiveness dramdiiad¢creases. A coolant-blockage and shaped-

wedge similarity was proposed to explain their owston.
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The setup and operation of the film cooling systanthe fan-shaped hole film cooling
experiment are presented in Appendix B.
# *

The film cooling system used in the fan-shaped Hite cooling experiment is an
upgrade of the one used by Nasiral. [B-1] for the showerhead cooled vane. The schemati
diagram of the cooling system is provided in FigBté. The coolant for the fan-shaped hole
injection is compressed air from a storage tanke ain is first compressed by a 5-hp Ingersoll-
Rand compressor located outside of the wind tulatelThe compressed air is then dried below
four percent relative humidity, and stored in therage tank inside the laboratory. The tank is
charged to a pressure of 120 psi before the tegtdwide adequate pressure and coolant mass
flow for the 3 rows of coolant injection. Since ttenk volume is very large compared to the
mass flow, the tank pressure drop due to the “ldown” effect during a tunnel run is ignorable.
After the on/off valve the pipe is split into thrbeanches to feed one row of fan-shaped hole on
the blade suction side and two rows of fan-shapsd njections on the blade pressure side
respectively. The flow rates of the three branchesregulated by three bowl valves, and are
measured by three orifice meters at the downstiaime bowl valves. It has been tested, during
the tunnel run, the flow rate of the three branatees be set by the bowl valves separately with
ignorable correlations. After the orifice meter tiethen flows through a copper coil immersed
in a heat exchanger. For the ambient coolant tdstsheat exchanger is empty. For the chilled
coolant tests, the heat exchanger is filled witjuill nitrogen. After passing through the heat
exchanger, the air flows into the 3 plenums inlitegle via fittings designed to pass air through
the test section window, as shown in Figure B.2 fidtal and static pressure of each plenum are
measured by Pitot-probes at the plenum inlet. Theouple probes sticks in from the other side
of the test section to record the coolant tempegatuthe plenum. Air flows through the blade
plenums and then ejects through the fan-shaped.hole

The on/off valve at the tank exit is a SolenoidveaMWhen the wind tunnel mainstream is
blowing down, the Solenoid valve will be triggeredopen, to guarantee the coolant injection

and the mainstream flow start at the same moment.
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Figure B.1. Film cooling system schematic
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Figure B.2. Coolant supply & measurement fittings

In present experiment the film cooling blowing cais determined by the following

equation:

gt g1
g

chc _Cd Pt,c P¥,s 29 2g Pt,c
/’¥U¥ /’¥U¥ R (g' l)R-E,c P¥,s

t,c

BR= -1 (B-1)

wherer,U, and R, ; are the status of the mainstream in the bladeadascTheir values are
calculated based on the solid blade surface presaeasurement by Carullo et al. [B-&); is

the discharge coefficient tested as 0.82 for theeatn fan-shaped holeR

it,c

andT, . is the total

pressure and total temperature of the coolant, whie measured at the plenum inlet by the

Pitot-static probes and T-type thermocouples, asghn Figure B. 2.
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In the film cooling experimental study, the bladeface temperature was recorded by
platinum Thin Film Gauges (TFG). The gages were ufastured by Air Force Research Lab
using the method described by Joe [C-1], with allamdesign as the Oxford gages of Doorly
and Oldfield [C-2]. Each thin film gauge uses aiplam sensor approximately 2.8 mm (0.11 in.)
long attached to copper leads. The electric ramstaof the platinum sensor changes with
temperature and provides a high frequency respwiikehigh spatial resolution between gauges.
The TFGs are sputtered onto a Kapton shieet @.12 W/mK) with a 50 pum thickness, plus an
approximately 20 pum thickness of the backing adtleedduring the process of instrumentation
and test operation, a few gauges were damagede Hnerl5 gauges provides valid data in the
final result. 11 gauges was located on the SS, fston 0.42 to s/c= 1.29, and 4 gauges are
located on the PS, with one in between of the twwesrof injection at s/c=-0.36 (negative value
indicates surface distance from leading edge ond))the rest 3 gauges are located from s/c= -
0.5 to s/c=-0.64. Figure C. 1. shows the locatmirithie gauges on the blade profile. Figure C. 2.
shows the snapshot of the film cooled blade witisTirstrumented on its surface.

Figure C. 1. TFG location on blade profile
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Figure C. 2. Film cooled blade with TFG instrumente  d on. (a) SS surface; (b) PS surface.

% #

The temperature and electric resistance of the TeG®w a linear relationship. The
gages were calibrated in an incubator over theaafigemperatures encountered during a tunnel
test. The calibration procedure consisted of irgirgathe incubator temperature in five steps
from ambient temperature up to ~71°C and four stiggseasing the incubator temperature back
to ambient. The temperature and the resistanceach gauge were recorded at each step.
Typically, it takes 2 hours before the incubatacate a steady temperature and to ensure that the
blade was thermally soaked. Calibration points wemdrded as the temperature increased and
decreased to eliminate the effect of the gaugeehgsits. The calibration fit for one of the gauges

is provided in Figure C. 3.
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Figure C. 3. Calibration sample of the Thin Fiim G auges

In the data acquisition circuit, each thin film gauacts as one arm of an individual
Wheatstone bridge. The constant current suppliedhbybalanced Wheatstone bridge circuit
converts the resistance changes of the TFG intmleage change that can be recorded by
National Instruments (NI) data acquisition syst@ime surface temperature history is calculated
from the time resolved voltage. Figure C. 4. pregich schematic of the Wheatstone bridge

circuit of the thin film gauges.

Figure C. 4. Wheatstone bridge circuit for the thi  n film gauges
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The thin film gauge voltages were recorded usingNKI-1600 data acquisition system.
The voltage single from the Wheatstone bridge dscwere sampled at 1 kHz and for 30
seconds during the tunnel run. The data acquisstystem consisted of a SCXI-1001 chassis and
SCXI-1120 isolation amplifiers. The voltage signadow 4 Hz or abovelO kHz were filtered.
The amplification gain was set as 500. Each ismtadimplifier was connected to the Wheatstone
bridge through a SCXI-1320 terminal block.

%1 &

The gages were instrumented at the midspan of e pso that they all follow the
centerline of one of the fan-shaped holes. Sineestith of the TFG has a width of 2.8 mm (3.5
times of the injection hole inlet diameter), thaiga response may convey a spanwise average
temperature within the TFG width, instead of thal reenterline temperature. The CFD results
may provide an insight of how does the lateral agerg by the width of the gauges
guantitatively affect the final result of adiabagiectiveness. Figure C. 5. shows the comparison
of CFD adiabatic effectiveness between the centedind the spanwise average within the TFG
width. The lateral average value is much lower ttiencenterline value in the near hole region,
because the kidney vortices in this region slighttythe cooling flow away from the surface,
and the cooling flow has not diffused laterallytefthe near hole region, the average value then
ramp back to the same level as the centerline tefeaess due to lateral diffusion of the cooling
flow. The centerline and the lateral average eiffecess converge faster on the PS than that on
the SS. This is because the concave surface aatssddahe cooling flow diffusion, whereas the

convex surface reduces the diffusion.
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Figure C. 5. The CFD results of adiabatic effective  ness - a comparison between centerline data
and the lateral average in the range of gauge width
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The data reduction process to estimate the heasféna coefficienth and adiabatic
effectiveness for the film cooled vane and blade measurememnisasented in Appendix D.

Figure D.1. Time history of upstream total pressure and total temperature

Figure D.1. shows the time history of upstream|ttdanperature and total pressure. The
thermal and aerodynamic data was recorded duriegiire wind tunnel run. However, a 1-D
semi-infinite model was adopted for the data reidagprocess. For the validity of the 1-D semi-
infinite assumption, the data for the linear regi@s process begins at 2 seconds after the tunnel

start, and lasts 3 seconds.

The test blade was made of a special ceramic gkamssyn as Macor ®, which has low
thermal conductivity (k=1.46 W/m°C). A 1-D assuroptiof surface heat flux (eq. 1) is valid on
the test blade during the data processing time avind\ finite difference code developed by
Cress [D-1] was employed to calculate heat fluxrfrthe beginning of the wind tunnel run.
Figure D. 2. shows a simple of the surface tempegahistory, recorded by the TFG, and the

surface heat flux history during a tunnel run.
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Figure D. 2. a simple of the surface temperature an  d heat flux time history

Method developed by Pom al. [D-2] was used to determine the heat transferficoeft
and film cooling effectiveness. This method starith the fundamental convective heat transfer

equation
(D-2)
The adiabatic effectiveness (non-dimensionalizedadic wall temperature) is defined as
(D-3)

whereT; is the recovery temperature, which is determingethk assumed recovery factor 9 )

and the local Mach number.

Combining Equations D-2 and D-3 yields a linearrespion of the relationship between heat
flux and adiabatic effectiveness in the formyetf mx + b
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To reduce the uncertainty a dual-data-regressidhadevas employed in data reduction. For
this technique, two runs are performed at identicainstream flow conditions and blowing ratio
but with different coolant temperatures. This teghe reduces uncertainty by increasing the
number of data points used for regression and gdoaints closer to the x-axis, reducing the
distance the line fit is extrapolated to calculaftectiveness. Figure D. 2. shows the double

linear regression technique performed on a samale set, with heat transfer coefficient and

film effectiveness highlighted.

Figure D.3. Dual-data regression line fit

When using chilled coolant, the coolant to mairestredensity ratio changes from the room
temperature case. In general, the density ratchitied coolant is about 7% ~ 15% higher than
that of the room temperature coolant. Ekkad efla3] have shown, for higher blowing ratios
(BR>1), increasing of coolant density within a eértrange showed no appreciable effect on
film effectiveness distributions. Based on thisonmhation, film effectiveness distributions from
the present study should not be affected by uswmg toolant temperatures as all cases
considered are at BR>1.
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The heat transfer coefficient will be non-dimensilimed as Nusselt number, defined in

Equation D-5.
(D-5)

Where: is the heat conductivity of ai€ is the true chord of the blade.
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The methods used to estimate the uncertainty ihthexasfer coefficiert; and adiabatic
effectiveness for the film cooled vane and blade measurementprasent in Appendix E.

& & # #

Figure E.1. shows the propagation of the major dac#ies in the film cooling
measurement. The uncertainty of surface temperaturdirst comes from the calibration and
the TFG resistance reading. The uncertainty=9f propagates to the surface heat fleix
through the calculation by the finite differencaeleoThe uncertainty of th@andA coordinates
used in the linear regression process come fromutieertainty of heat fluX. , recovery
temperaturesg , surface temperaturg. , and coolant temperatusg. . Then, the errors 5@nd
A coordinates propagate to the heat transfer cosifl; and adiabatic effectivenessthrough
the dual-data linear regression process, and ttra arcertainty in this process comes from the

blowing ratio error.

Figure E.1. Scheme of uncertainty propagationin f  ilm cooling measurement

[ # #

As discussed in appendix D, and < were determined thought the dual-data linear
regression method. In this method the ambient &mtlaooling tests data was plot together, as
100



shown in Figure D.2;, and< were determined as the slope and x-intercept ofethet-squares
line fit of the x and y coordinates. Battandy coordinates of each data point have precision and
bias uncertainty. The precision uncertainty is naitliof the repeatability precision, which is
caused by random errors, unsteadiness, and iyailieset the experimental conditions exactly.
The bias uncertainty is the constant error for seup of measurements, which is due to the
calibration error, material properties error, amois in the data acquisition process. Since the
surface heat flux was computed through a 1-D fiditeerence code, there is no explicit equation
to bridges the row temperature data andxthedy coordinates. The bias uncertainties for xhe
andy coordinate were determined through the perturbatiethod described by Moffat [E-1]. In
the perturbation method, first, the uncertaintyeath input parameters of the finite different
code was collected. Then, to track the uncertgindpagation in the 1-D finite difference code,
the inputs are adjusted by adding the uncertaitifytd the original value of ach parameter. By
running the finite difference code with the adjdsteputs once at a time, and leave the rest of
the parameters as original, the errorsxandy coordinate from the uncertainty of each input
parameter can be determined. The final result efxttandy coordinate uncertainty can be
estimated by combining the errors caused by eatheoinputs’ uncertainties through the root-
sum-square calculation.

Once the uncertainty iR andy coordinates are determined, the Broetal's [E-2]
method can be used to determine the uncertainty gh@pagates in the linear regression.

According to Browret al. [E-2], ignoring the correlation between the inpatameters, the form

of the expression for the uncertainty in the slopkne, m, is:
Nﬂrn2 Nﬂrn2 Nﬂrn2 Nﬂrn2
R L R - RO - (E-1)
i= Y, R )¢ b Y, b X, '
Similar for the uncertainty in the y-intercept,is
N ﬂC 2 N ﬂC 2 N ﬂC 2 N ﬂC 2
U= O RP o BRI+ B Bi+ T B (E-2)
i=1 ﬂYi . ﬂxi b= ﬂYi o= ﬂxi '

The partial derivatives are
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where
B = bias limit

Bik = covariance estimator
c = y-intercept of line

m = slope of linel)

N = number of data points
P = precision limit

U = uncertainty interval

X = independent variable
Y = dependent variable

The uncertainty interval for the x-interce (s
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UE=U2+U2 E7)
Uncertainty in heat transfer coefficient and filmoting effectiveness are represented by

the uncertainty in the linear regression’s slope antercept respectively.

Uncertainties in the exit Mach number )] density ratio (DR), and blowing ratio (BR)
were determined within the 95% confidence interVale overall average uncertainty values for
final results are shown in Table E. 1. The ovesgftrage uncertainty of was determined to be
+ 8%, and the overall average uncertainty iis £ 0.08. A sample of data recorded on the film
cooled blade at exit Mach number 0.84 with low bluyvratio are plotted with the uncertainty
band for heat transfer coefficient in terms of Ndissumber in Figures E. 2, and adiabatic

effectiveness in Figure E. 3.

Table E. 1. Uncertainty values
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Figure E.2. Film cooled blade surface Nusselt numb  er distribution with uncertainty band. (Exit
Mach number 0.84, Low Blowing Ratio)

Figure E.3. Film cooled blade surface adiabatic ef  fectiveness distribution with uncertainty
band. (Exit Mach number 0.84, Low Blowing Ratio)
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The entire set of tabulated result of the fan-stiapae film cooled blade experiment is
present in Appendix F.

Table F. 1. Matrix of test conditions

Inlet Tu | Exit Ma# | Exit Re# |Nominal BR| BR_SS| BR_PS1| BR_PS2
High BR 1.6 4.0 3.1
0.67 8.1X16
Low BR 1.1 2.7 2.2
High BR 1.6 3.7 2.8
12% 0.84 1.08 X16
Low BR 1.3 3.0 2.2
High BR 1.5 3.8 2.9
1.01 1.42X16
Low BR 1.2 2.9 2.4
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Table F. 2. Data set of film cooing test at Ma#0.67
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Table F. 3. Data set of film cooing test at Ma#0.84
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Table F. 4. Data set of film cooing test at Ma#1.01
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In the present study, the unstructured mesh wasrgtad by the ANSYS mesh
Generator. The total mesh element number is ahdét, 10". For the k- turbulence model, the
first cell thickness is set as 1.27.0°d to give a better prediction of the boundary la{@w. To
capture the details of the flow physics of the $#ffd cooling interaction, the grid on SS is
refined with the mesh resolution of about 1,2707%d. Figure G. 1. shows the local grid on the
SS surface. The mesh resolution on PS, after the mae region, is about 1.0d, as shown in
Figure G. 2.

Figure G. 1. Local view of the SS mesh

Figure G. 2. Local view of the PS mesh
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In the CFD study, the pressure ratios are set téchméhe test conditions in the
experiment. The ratio between the exit static pnesand the inlet total pressure was set as 0.49.
The pressure ratios of the film cooling injectioe #Rs= 1.16, PRs;= 1.12, and PR;,= 1.10.

The blowing ratios in CFD are slightly larger thahat were recorded in the experiment. This is
probably because, in CFD, a full turbulence moda$ wmployed. However, in the experiment,
there is an entrance velocity profile in the inj@cethole. Therefore, the CFD overestimates the
mass flow rate. Another reason of the flow conditaifferences between the experiment and
CFD results, may be the simplification of the gebsnen the computational model. In the CFD

study, the coolant plenum was ignored to reducectimputational cost, and the coolant total
pressure is directly imposed on each of the irgectiole inlet. Table G. 1. lists the blowing

ratios (BR), density ratios (DR), and momentumor@iiR) in the experimental and CFD studies.

Table G. 1. Cooling flow conditions comparison betw een CFD and experiment

3) &

Figure G. 3. shows the 2-D contour map of the atialeffectiveness on the SS surface.
Figure G. 4. shows the 2-D contour map of the atiabeffectiveness on the PS surface.
Comparing to the SS the cooling flow diffuses méadter on the PS. This is because the convex
surface of SS stabilizes the boundary flow, andiced the diffusion of the cooling flow. On the

PS, the concave curvature accelerates the mixidgl#iusion of the cooling flow.
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Figure G. 3. 2-D contour map of adiabatic effective  ness on the SS

Figure G. 4. 2-D contour map of adiabatic effective  ness on the PS

In the present study k+urbulence model is also attempted. The scalalalié fanction
was used for k- model, with the non-dimensional thickness of thst flayer of the grid, y+,
ranges from 21.7 to 46.5. Figure G. 6. comparesabelts of k- model and k- model with the
experimental data. In general, the result of ieodel flows a similar trend as the result of k-
model, but at a lower level. The CFD result indésathat, compared to the kmodel, the k-
model predicts stronger kidney vortices in the riede region, which is probably the reason that
the k- predicts a lower adiabatic effectiveness.
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Figure G. 6. Adiabatic effectiveness — comparison b etween different turbulence models

%

In the present study, the result form kKurbulence model computation with a fine mesh
is used for the analysis. The total element offthe mesh is about 74.6 million, with the fist
layer thickness of the grid on the SS and PS saiitadQ ® m. The y+ ranges from 0.04 to 1.6.
To check the grid dependence of the CFD resultst#mee computation was performed with a
coarse mesh. The total element of the coarse nse®® imillion, and the fist layer thickness of
the grid on the SS and PS surface is set a8 i) so that the y+ ranges from 0.17 to 10.75.
Figure G. 7. compares the results of the centedili@batic effectiveness between the coarse
mesh and the fine mesh. The coarse mesh predmoifarsitrend of shock effect on the SS.
However, compared to the fine mesh result, the sebanesh provides a higher adiabatic
effectiveness on both SS and PS, which may indib&teoarse mesh under predicted the mixing

and the diffusion of the cooling flow.
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Figure G. 7. Adiabatic effectiveness — comparison b etween different grids
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