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Tasks completed this year for the University of
Texas and Penn State

Design and test realistic trench configuration
embedded in TBC Completed Q5-6
Determine the effect of depositions on overall cooling

effectiveness with trench configurations Completed Q7

Develop conducting endwall model Completed Q5-6

Measure overall effectiveness with and without film

cooling Completed Q7
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Measurement of ¢ requires a matched Biot
number model

A simplified 1-D analysis using T,, as the driving
temperature shows:

IT.-T, 1-yxn

¢ = = + 7 p
Too _Tci ; hf -
' 1+ Bi+—+
h,
where
h; = heat transfer coefficient with film cooling
Bi=—— t=wall thickness
k = conductivity of the solid
T -T _ It is also important to match h¢/h;, the ratio of internal to external
g = —2_choeext heat transfer coefficients. Though the magnitudes of both are much
T, _Tc,vane inlet lower, the ratio is the same.

Matching these nondimensional parameters to engine conditions
will result in engine-like results for ¢.
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Experiments were conducted to investigate effects of TBC
and contaminant depositions on film cooling performance
for a vane.

Test section:

Test airfoil /
deposition surface

Coolant

Turbulence grid /
wax sprayer location

Flow

directio
e Performance was quantified in .
. \
terms of overall effectiveness. N
e Multiple hole geometries were AN

investigated.
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Schematics of the internal coollng configuration for

the vane models:

U-bend
cooling
channel

Radial
cooling
channel



Simulated thermal barrier coating:

Uncoated Coated

A

@ T, ¢ T j Te conv
e,conv
N\ T, -T,,
TBC — ,
U SN I:~Bond Coat ¢ T _T
Vane Vane { 0 c,vaneinlet
Wall Wall
_ Too o TTBC,e
T conv T conv Too _Tc,vane inlet

Simulated TBC was chosen to match thermal behavior of real TBC.




External temperatures measured using an IR camera,
and interface temperatures measured with array of

’ ([ ]
surface TC's: Surface Temperature:| r

* IR Thermography
e Type E Thermocouples

tTBC, kTBC {

Type E
Thermocouple

s/d -48 -39 -36 '|‘

Showerhead Holes Pressure Side Holes
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Scaling of TBC thickness

e To correctly simulate the thermal effects of TBC, it is important that the
simulated TBC we use in our models is scaled appropriately

Parameter Real Turbine Model Turbine Units
Vane Thickness 1.3-3 12.7 mm
TBC Thickness 0.14-0.72 192&5.1 mm
Vane Conductivity 20 1.02 W/m-K
TBC Conductivity 0.83-1.7 0.065 W/m-K
Heat Transfer Coeff. 1500 — 5000 25-90 W/m?-K
TBC/Vane Thickness 0.14-0.72 0.15 & 0.40 -
TBC/Vane Conductivity 0.04-0.08 0.06 -
Vane Bi 0.1-0.6 03-11 -

A range of TBC thicknesses being tested that simulate
relatively thin and thick TBC.




Effect of TBC on metal temperature, ¢

Overall Effectiveness, ¢
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Effect of TBC on metal temperature, ¢

Pressure Side Round Holes with Showerhead Round Hole Diameter = 4.21 mm
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Film cooling configurations used with TBC on the
pressure side of the vane model

Round Holes _)| (_:T
0 0 0 [
30 A
Ideal Trench I Coolant Hot Mainstream
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NN

Pressure
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Vane
Wall
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Effect of configuration with TBC on ¢

M=0.5td=1.21

1.0
<« <« Film Coolant Flow «— «
0.9
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Minimal change in ¢ with changes in configuration.




Effect of configuration with TBC on ¢

M=20,td=1.21
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Minimal change in ¢ with changes in configuration.




Effect of blowing ratio on metal temperature, ¢ with TBC

Round Holes, t/d=1.21
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Effect of blowing ratio on normalized exterior TBC
temperature, 7

Round Holes, M{=0.46 Round Holes, M=2.01
T " 1 (@ = = T =
* % [] 1] [] - 1] "':q - - = -
Round Holes _1 =14 “' = 1 ) H H
Q 5 4 -3 ] ] ] !
O O 2d N ; ; ]
"1."'
ke-3d
Ideal Trench I

z/d

RealisticTrench

zid

These results confirmed that the trench was providing good

external film effectiveness.
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Effect of TBC thickness on ¢gwith no film cooling

Vane Thickness 1.3-3 12.7 12.7
TBC Thickness 0.14-0.72 5.1 1.92 mm
TBC/Vane Thickness 0.14-0.72 0.40 (t/d=1.21) 0.15(t/d =0.46) - .
( ) ( ) No Film Coolant
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Effect of TBC thickness on metal temperature, ¢, with film
cooling using round holes

Round Holes, t/d=1.21 Round Holes, t/d=0.46
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As expected, gdecreases with decreasing TBC thickness, but
the increase in gis similar.




Deposition of contaminants was simulated using the
molten wax techniques we have described
previously

Pneumatic _ Residual
Control Line Insulated Lines for Air Exit
\ Molten Wax and Hot Air _/

Compressed
Air Inlet

Regulator

Air Heater /. / . \ /
. Heated Wax
Variacs for :
Reservoir
Heaters

PVC Housing for Wakx, =
Air, and Control Lines

Sprayer

System generates properly scaled particles.
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Deposition for round holes, M =0.7:

«— « Film Coolant Flow «— «

M=0.67, Msn=0, Pre-Deposition

Pre-Deposition

55 50 45 - =30 -25 -20 15 10 5 0 5 1 4

=i 49 43 38 33 -27 g/d
Post-Deposition
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Side Holes

30

Deposition almost buried round holes at M = 0.7.




Deposition for realistic trench, M = 2.0:

M=1.98, Msy=0, Pre-Deposition

Pre-Deposition

This is the only perspective available
forthe realistic trench.

Donot have picture of
realistic trench from

this angle. This picture
is the ideal trench.

zid

Post-Deposition

kY

BEREESR

z/d

Pressure
Side Holes

Large growth on trench lip (not shown); Minimal growth
elsewhere.



Effect of deposition on ¢for round holes and the
realistic trench

Round Holes with Showerhead Realistic Trench
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Depositions increase ¢ for round holes due to the

additional insulation provided by the layers of deposits.
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Conjugate endwall heat transfer studies using the
Pack-B blade cascade build on previous work

Pack-B Blade Cascade Exiting
Flow
=
No. of airfoils | 7 Adiabatic Effectiveness, M;y.,=1.0
Scale | 8.6x
Pitch/chord
(PIC,) 0.89
Aspect ratio
sicy) | %°
NU hCaX

Heat Transfer Measurements ~ Kair

700
650
ggg Contour
500
450
400
350
300
250
200
150
100
50

Contour

Lynch et al., 2011, J. Turbomach., 133, p. 011019

Lawson et al. 2012, ASME Turbo Expo,
22 GT2012-68174




Matching Bi and other non-dimensional parameters
to engine conditions allows direct measurement of ¢

Overall effectiveness (metal temperature):

Cax
Mainstregm
flow Blade Corian
| ||ﬁ d o
t f / f’Jr f’w ’ H 'Z’A& L 2
N

1- T Tfllm
endwall, ¢ _ T00 _ Tw _ Tw Tc + (T Tfllm )

1+Bi+h_ /h, T —-T.

| Bt

Impingement plate

Coolant Plenum

AKTJ

where, Bi=h_t/k , and

T = the driving temperature for
external convection

(T, IS normally used)

Matched Parameters Engine Model Using DuPont Corian®endwall
Re. in (Cax) 1.25 x 105 1.25 x 105

p U
Miimcooling = 1.0-20 | 0.6,1.0,2.0

pOOUOO
h./h, 1.0 0.4-25 m
Bi = h.t/k, 0.27 0.30-0.77 @

23 HI/d 3 2.9 Exccl.




Film and impingement cooling were applied
separately and together at three blowing ratios

Cooling H/d M I h /h
. Arrangement | (imping. B W i
Top view of endwall 0 Jimping)
within the passage 50 3.50
Film only N/A 1.0 0.94 N/A
S/ID=4.7
Incoming 0.6 0.32
Flow
Direction Exit & _ 2.0 3.50 | 0.4-1.0
% Flow Impingement |, g 1.0 | 094 | 06-1.4
3 Direction only
o 0.6 0.32 1.0-2.2
/

e Film cooling | 2.0 3.50 | 0.5-1.0
‘ 0. Ja holes Film + 2.9 10 | 094 | 07-16

o Impingement ' : : —
{ 0 0.6 032 | 1.1-25

P/ID =47 .
* \ Impingement 06 2.0 3.50 0.4-0.8
Impingement jet only | 1.0 | 094 | 0512
locations .
Film + 2.0 350 | 0.5-1.1
Impingement 0.6

1.0 094 | 0.7-1.6

d = diameter of film and impingement holes
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An additional chiller, heat exchanger and drier were
Installed to increase driving AT = T,-T,

Wind Tunnel Side View

Coolant Flow
Coolant

Blower

Chilled air section
of wind tunnel

Heated
Mainstream
Flow T, ~54°C
/ Heat
I ~—N Exchanger
A ]
c
S ) 2\
© =
.g =
& ) . LFE
Auxiliary
~— Chiller

Only
impingemery
cooling

Film and
impingement cooling J

Test
Section

Top View

Only film cooling

tion
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Discharge coefficients agreed well with literature,
and C, was lower with the impingement plate

C _ uactual _ mactual _ mactual
q= = —
uideal pcuideaIAhoIe \/2 pc (Ptot,c o Ps,hole )Ahole
1_0 T 1 T 1T
0.9r -
0.81- _
0.7+ | ——Eﬂ'j-?ﬂ%'%-‘ _|
0.6 p —8— Film cooling only, L/D = 5.8 B
Cq4 0 5% —&—Film cooling + impingement, |
' L/D=5.8, H/D=2.9
0 4,4 ——Film cooling + impingement, 1
' L/D =5.8, H/D =0.6
0.3F —=—Burd & Simon (1999), L/ID =4.6, _
p/D = 3, single row
0.2F —4—Barringer et al. (2002), L/D =4.3, 4
p/D =9, single row
0.1 —Z—Barringer et al. (2002), L/D =4.3,

! .p./[.) .:|3.’ .Si.n.glle.r(.)\.N. !

0.0 PR T T T N T T T T A TN TN B I R IR
1.0000 1.0005 1.0010 1.0015 1.0020 1.0025 1.0030 1.0035 1.0040
26 I:)tot,c / I:)s,loc




The blade midspan pressure distribution was
benchmarked to a previous CFD prediction

35
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- —Spalding's Law

-+ No turbulence grid

(8/S=0.053, u'/U=0.025)

- = Turbulence grid
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10 |
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0
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With film cooling, ¢ was similar with blowing ratio,
except for an increase directly around the hole exits

Film Cooling Only

_T il 0 005 01 015 0.2 0.25 0.3 0.35 04 045 0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0,95 1
0 ¢, film
Pt s
A

g
Ca )

2 Excel




For impingement cooling, ¢ was more uniformly
distributed, and increased with blowing ratio

Impingement Cooling Only

o = =T RN

T-T 0 005 01 015 0.2 025 0.3 035 04 045 0.5 0.5 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1
© c

PN STAT

SN
Ca )

2 Excel




Film and impingement cooling had high ¢ around the film
cooling holes, and increased with blowing ratio

== T NN

TOo Tc 0 005 01 015 0.2 0.25 0.3 035 04 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1
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A repeated test showed good reproducibility of ¢ between
passages and separate experiments

— Tt 1 T T T . T Tt T
0.6 ——Test 1 - Passage 3 |
' —*—Test 1 - Passage 4
—8—Test 2 - Passage 3
05 —H—Test 2 - Passage 4 7]
¢Iat,avgo'4 B T
031 b
021 b
011 b
O O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
' 0.0 0.2 0.4 0.6 0.8
X/Cyy
0.7 1 T T —r T . r r T 7
_ ——Test 1 - Passage 3
0.6 X/Cax =0.2 ——Test 1 - Passage 4
' —®—Test 2 - Passage 3
—H#—Test 2 - Passage 4
0.5F b
¢ 041 7
0.3 7
0.2 7
0.1F i
O. L L L 1 L L L 1 L L L 1 L L L 1 L L L
-%.2 0.0 0.2 0.4 0.6 0.8

TOO—Tc 0 005 01 015 0.2 0.25 0.3 0,35 04 045 0.5 0.55 0.6 065 0.7 0.75 0.8 0.85 0.9 095 1 @
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Increasing blowing ratio improved the average ¢ of
|mp|ngement coollng more than film cooling

06k ——Area Avg Film | 07— T T 7 T T
—<—Area Avg Imp 06 ——Film cooling, M=0.6 |
05 F —®—Area Avg both 44— Film cooling, M = 1.0
i 05 —&—Film cooling, M =2.0 ]
¢A,avgo'4 i ]
04r 7
¢
03r A___k/d n lat.avg
0.2 7]
- i
0.1r 7]
0ol I R R L0 vy L. )
0.5 1.0 1.5 2.0 0.8
I\/lavg
0.7 T T T T 0.7 T T T T
o6l ——Impingement, M = 0.6 —H—Film and impingement, M = 0.6
e i CM=10 06 44— Film and impingement, M = 1.0 7
mpingement, vl = 1. —7—Film and impingement, M = 1.0, repeat
05 —&—Impingement, M=2.0 05  —=—Film and impingement, M = 2.0 7
¢Iat,avgo‘4 ~ 7 04r 7]
¢Iat,avg
031 h 03 |
0.2 02F _
0.1r 7 01r E"" smi
00 f 1 f f f 1 f f f 1 f f L 1 1 L L OO ' 1 ' ' L 1 L 1 f 1 f L L Il L 1 L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6
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After x/C_, ~ 0.5, ¢ is higher for impingement only
than for both because the impingement jets are free

to spread with no film holes

0.7

0.6
05
¢Iat,avgo'4 i
03
0.2

01

0.0
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At x/C_, = 0.2, the film cooling jets can be seen as
well as the increase in ¢ from the impingement

Can

0.7
Mgy =0.6  —*—Film cooling only
0.6 _ —<—Impingement cooling only —
X/Cax 0.2 —&—Film and impingement cooling
05 N
¢ 04r N
0.3 N
0.2 b
0.1 N
0 0 L L L 1 L L L 1 L L L 1 L L L 1 L L L
-0.2 0.0 0.2 0.4 0.6 0.8
ylp
0.7 —— o 2
Mg =1.0  ——Fim cooling only Mayg =2.0  —*Film cooling only
06 yC. =02 < mpingementcoolingonly - 0.6 _ —%—Impingement cooling only -
ax ' —®—Film and impingement cooling XICx=0.2  _m Fimand impingement cooling
05 - 0.5 _
¢ 04r ] ¢ 04f .
03 . 03} i
0.2 . 02F i
o} I ol | PENN STRTE
oob—r— v ooLb—— v ;@
: . 40,

-0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8
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Applying a 1-D analysis, we estimated ¢ from the
results from impingement and film alone

Impingement T
(& Film) cooling %
Tiilm _
IW
Corian®
I W kW
Fcinlet Ti
TC

Impingement & film

Impingement cooling

Film cooling only

T

Thiim

W' corian®
k

w

i Coolant air
L K,
T ~T.,

c,inlet

Film cooling only, ¢

COOIIng ¢calc only, d)o:
Kk, .
— Tiim—Ti h (Tfilm_T ) C|°=T(TW—T)—hw(Tw—TW) 4 = film ™ Te,f Tf|m w)
%w"‘%w Q =Zqu=m cp(T | —T) / / /
T,—T
¢ = 00_ -
bcarc = b, +( : )1- Q| 4, [k o
e 1+Bi rhccp(TOO_ TC) f hoo(kwl'_ kct) Po= TTZ__Trvcv




The relative difference between predicted and

measured ¢ Is < 5% for a large portion of M =0.6, 1.0
Prneas ~ Pearc [T [ T [ [ [ [ O

Contours Of relatlve dlﬁ:erence ¢ 0.5-045 04 035-03-025-02-015-01-005 0 005 0.1 015 0.2 0.25 0.3 035 04 045 0.5
meas

Too - Tc inlet T,— Tc inlet Too - Tc inlet
—J =0.75 = o 1-0.82 ——— [=0.88
Too_ Tc Too_ Tc Too_ Tc
0'7'I'v| """ 0"6 """"""""""""" (OJVAN e i i B B B B B B O.7prrrr 7T T TTTTTT I T T T T T T T T T T T T T T T T 77T
06 - &g — Omeas | 06 _Man =1.0 Omeas | 06 _Ma"g =2.0 T bmeas
= Ocalc *“dcaic dcalc
05 7 05l . 0.5
04r 7 0.4 0.4
¢Iat,avg ¢Iat,avg ¢Iat,avg
03F 03} 0.3
02f 02} 0.2
0.1r T 01l . 0.1
o T L I T ! ) 1 1 1 1 1 1
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Reducing H/D to 0.6 changed ¢ shape for
Impingement only contours, due to higher average h;

Plenum H/D (imping.) | Mayg lavg h./h;
film + 06 2.0 3.50 0.5-1.1
impingement ' 1.0 | 094 | 0.7-1.6
_ 2.0 3.50 0.4-0.8
Impingement 0.6
1.0 0.94 0.5-1.2

£/D =29




But with film and impingement, there was not much

effect on ¢ when H/D was changed to 0.6

38

H/D =2.9

M

avg

H/D = 0.6

=1.0

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25

0.2
0.15




Next we will simulate deposition with wax,
and test a contoured conducing endwall

Measure overall effectiveness with wax deposition

Heated Wax
Reservoir _ Liguid Wax

Turbulence Generator Cirid

Artomizing Adr
PI‘H‘]-IIIT

Examine effectiveness and deposition results with endwall
contouring

Leading Edge

L

poue
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Conclusions

Overall cooling effectiveness when using combined TBC
and film cooling is dominated by the cooling effects of
TBC

Deposits of contaminants significantly degraded the film
effectiveness of realistic trenches, but had negligible
effect on the overall effectiveness

Overall effectiveness measurements demonstrated the
Influence of conduction and convective cooling within the
film cooling holes

Increasing blowing ratio resulted in a larger average
Increase in overall effectiveness for impingement cooling
than film cooling

pEAN STAT
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Questions?
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