Turbines

Overview
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Turbine Overview

» Configurations (axial, radial, mixed), analysis and other
issues similar to compressors

+ Compared to compressors
— higher loading Ah,/U 2 (or specific work) and pressure
ratio per stage - why? < Supenloy | Bona- | 70, [
. Thermal-Barrier- Substrate | Coat Top-Coat
favorable Coated Temp. A____{~100 umi 100-400 um

pressure gradient Tuibins Blade ‘I '

— usually much higher

temperature inlet \

* higher temperature
materials (strength)
and/or blade cooling

Cooling Air

Science, AAAS Distance
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* Similar to compressor analysis

— Euler turbomachinery
equations still hold, Nozzle
e.g., V.56 .

W = rh[u”lc@H1 —uicei]

A(ho )i,i+l = A(uce))i,m L _ e
) Mechanics and Thermody.namlcs of Propulsion, Hill and Peterson
— use cascade flow and pitch(mean) line
approach for modeling Ac,

— essentially same equations and approach as
compressor, but new state numbering order
» 12 stator=nozzle

e 23 rotor
Geor 'a\’
[f
= e%eeh||

Turbines

Cascade Analysis and Turbine
Characteristics (Maps)
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Turblne Cascade Analysis _ L,
* Let rotor move upward (flip sign ¢

convention); again fixed r, u;=U U
W, =G, Co, =W, =U C=W+0
* Therefore for rotor, and
constant CZ Nozzle Rotor

C,, =C, tana,
(v21) Co =U +C, tan g

c
ﬁ=1+j(tanﬂ3 ~tana,)

v =Ah, /U’

_ ®
same form of blade loading eqn
for turbine as compressor (1,2_)213) Mechanics and Thermodynamics of Propulsion, Hill and Peterson
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Stage Pressure Ratio
« For adiabatic turbine with TPG/CPG ;0 for turbine

o ol (T, Lot

/ p03 nst Tol 7RT01 U 2
>1 as written
7,
ALI})Z” = Aij“ h = |:_']_+ }/_1 U ? Acgz,s :|%7
p03 nsl 7RT01 U (V 22)
ME—w '

» Stage pressure ratio still depends on
1. y=1f(U=rQ, Acy)
2. blade M=f(rQ, T,,)
3. Mgt
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Axial Turbine Maps L

» Important observations: n

1. Larger stage pressure ratios  *¢f
(and possibly efficiencies)
then compressors

2. Efficiency remains high for
larger range of p ratios

3. For fixed RPM, larger
pressure drop at higher
mass flowrate

— more work extracted per
unit mass
4. Turbines (nozzle) can run !
. 0 0.2 0.4 0.6 0.8 1.0
choked (max. m,) #\NRTg,
adapted from Mechanics and Thermodyﬁamics opr"’r'o[;L;Isiun, Hill and Peterson

5,2020, 2021 by Jomry M. Seizman. Al ighs eserved. mﬁl
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Turbine Example

+ Given:
— combustor exhaust with T,=1800 K
— 1st stage of turbine with ¢,=447 m/s and nozzle
producing 54° exit flow angle
— rotor with blade speed of 526 m/s at pitchline (r,,=0.45
m) and flow exit angle of -49° in blade reference frame
* Find:
1. Specific work produced by turbine stage and v
2. Flow angle entering rotor in rotor ref frame
3. T, exit
4. N (rpm)
e Assume:
— axial velocity constant through stage
— constant radius pitchline
— combustion products TPG/CPG with MW 28.9, y=1.33
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Turblne Example U=526 m/s

+ Specific work, y?

W /m = Ah, = Ac,, U(=yU?) /
c ,.\

from (v21) Ac, /U =1+ U(tan B, —tana,)
447

z//_1+—6(tan 49° — tan54° é N\

|y |and ghigher ¢=0.85
than for axial Nozzle Rotor .
Cy

compressors W= -1.15 ¢,
2 U \.
W /= —1.15(526 TJ __3174X 540Aq1 N U
S .

kg |

* B? ¢, =447 m/s
from (V.13) B, =tan(tana, —1/9) :
AF4451
_Ge \’ off
QrL%Iﬁ MIZE g La@-augm
Turbine Example
e T,.=7?

3 ¢,/ R=1160-

y—1 kgK

T, =T, + Ahol,g / c,

=1800K —(317.4kJ /kg)/(1.16kJ / kgK ) ={1530K |

 N?
N oY 30
r, o
= 552?/8 @ =/11,160rpm
ASm 7«

AE4451
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Turbines

Blade Design and
Compressor-Turbine Matching

_Georgia \’l g eff
Tech M I;u c ineering
Blade Design
* We have TWO blade w =1+g(tan B, —tanar, )

parameters to design
1. rotor trailing edge angle (~/;)
2. nozzle trailing edge angle (~a,)
— assume o, set by upstream device

— B, can be found from o, and ¢
using geometric relations (like
Vv.11) and ref. frame change,
e.g.,

C,, =C,tana, W, =c, -U=c,tanp,

Cy =C,tana; W, =c, -U=c,tanfj;

' o)
Mechanics and Thermodvn;%cs of Propulsion, Hill and Peterson

[©)
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Blade DeS|gn Degree of Reaction

» One choice for the two design variables:
1. v w =1+g(tan B, —tana,)

2' M2,re| MZ,reI :% 1+(tana2 —]7/¢)2

— an approach we might have
used for compressor stage

» Another choice for the
two design variables are:

1. Degree of reaction, R
2. Stage exit condition, o,

. '®)
Mechanics and Thermodynarics of Propulsion, Hill and Peterson

Tubomachinery 1
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Degree of Reaction

* Recall R= Ahrotor /Ahstage

— allows us to distribute load (static pressure
change) between rotor and nozzle (or stator)
— how to relate static enthalpy change to
azimuthal velocity changes?
« AKE! h,=h+Vv?/2
— for stationary blade, no work done
Ah, =0= Ah = —AKE

if ¢, constant and
* e.g., nozzle blade negligible c, (so axial turbine only)

h,—h = ():/+cgl+ rl)/2 (p/+cgz+ r2)/2 —(Cg —cy, )/2

— ) AE4451




* Rotor blades??
— are “stationary” in rotor’s
reference frame

h, —h, =(w§2 —W§3) 2

* Reaction
R:ha_h2: hs_hz
h,—h  (h,-c?/2)+h,—c?/2
if c;= c;0r Ac?/2<<Ah ( 032 3/2 ) ( o l/ ) -
< M=hy o W m W (veg T
h03 - hol 2U (C03 — ng ) W; _ Wg
> ACH R — - 2 3
relates design blade anzgsles 2U [1+ ¢(tan 183 —tan a, )]
to azimuthal KE change L Y J
""""""""""""" S V' AF4451
Impulse Turbine
_Ahy, Wy, —Wj,

T Ah,  2U%[1+g(tan B, —tana, )|

— all the pressure change occurs across the
nozzle, or the nozzle
creates high KE +—+——

w, W, =0 =W, =-w, .
¢, tan B, =—c, tan g,
(V.ZAT)D“ Bi=-p, AW, | =—2W,, H

=
g

A, _ AW, 2 —c, tana,) ‘
U U U §
Ac, c 4
—= =21-Ztana, / ®
U U
Mechanics and Thermodynamics of Propulsion, Hill and Peterson
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» So for impulse turbine,
blade loading coeff.

Impulse Turbine

(V.25)

ANy, AC
S

* Relates blade loading to
nozzle exit angle -

|
tanazzg

+ From ¢ equation, rotor blade
angles given by

%)

1
—tan g, =tan g, =tana, ——

(V.26) O
Mechanics and Thermodynamics of Propulsion, Hill and Peterson
wwwwwwwwwwwwww AE451
=% M
C923 c,
» To get largest power per e 2 1—Utan a,

» Further possible constraint
—no exit swirl (=¢y,=0)

unit mass flow rate = large a.,

— tends to produce high
velocities and p, losses

— practical limit, ~70°

AC92,3 = C93 - C92 = AC92,3 = _C02

=

ACH23

O

u

Ac
= 2(1+

u

JAh
=

Ostage _2

U2

= tana, =2(U/c,), tan B, =U/c,

@ ¥

Mechanics and Thermodynamics of Propulsion, Hill and Peterson

Tubom:
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50% Reaction Turbine
e R=0.5

— balanced p drop across stage
UAc,, = wj, —w;,
= (WH2 + W93 XWg2 - W33 )
=(c, tana, -U +c, tan g )-Ac,, )
=>tanf,=-tana, (v.28)

AhOStage _ Ang,s _ [1_ Z%tan azj

u? U
—if no exit SWArl
A, V.29) o
=Sl =l s a, =—f, = tan’l(U/c )

U ®

half of power/stage vs. impulse
but uSuaHy h|gher efficienCyMechanicsand Thermodynamics of Propulsion, Hill and Peterson

’I
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Techm
Turbine Degree of Reaction Summary

Can use degree of reaction to help lead
design choices

— lower degree of reaction will tend to
produce more power per stage
 for same blade speed, stage inflow angle,
stage outflow angle
— balancing pressure drop between nozzle
and rotor will tend to increase turbine
efficiency

Tubomachinery 8
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Compressor-Turbine Matching

* Need to “match” compressor, turbine on same spool
— important part of design/operational analysis

+ Steady operation “matching” e A~
considerations D_Q
1. N(RPM) 7o
2. 1, Vs. 1, LeO ®\5//
(mcI b, f) =

3 W W Poa
+ auxmarles
shaft losses N
« Determines how \ pm ot

Pr., RPM, etc.
vary with throttle

Settlng and Corrected Mass Flowrate Corrected Mass Flowrate
flight conditions (a) Compressor (b) Turbine
adapted from Mechanics and Thermodynamics of Propulsion, Hill and Peterson

Turbines

Stresses and Blade Cooling

mmmmmmmmmmmm
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Turbine Stresses/Operational Limits

» Turbine blades

experlence Iarge 0 Medium-strength cast nickel alloys (713°C)
stresses: bending, \ S
thermal, centrifugal -« ~ ///////// IRRIGRIC i
(rotor: 104-10° g) 2 < -
-] Unidirectionally solidified nickel alloys
* Materials exhibit g wf vny,m,m‘,,u,, '
significant loss of | ) N M———
rought nickel ™ num alloys
strength, enhanced ~ { wpler K X AT i
creepat high T i ™
— low strength at S wF (armson
modernengine T, | = @SSl
(hlgh ST1 nth) 600 711)0 W% 0 mluu 100 |zluu
To 4 >1400°C Temperature, °C

(2 5000 F) FIGURE 8.14 Variations in specific rupture strength (100 hr) with service temperature for
various classes of heat-resistant materials. (Courtesy Imarigeon [10].)

Mechanics and Thermodynamics of Propulsion, Hill and Peterson

i
g

Turbine Inlet Temperature Evolution

g
:rg'

+ Solutions i : : ‘ '
_ h|g h - Closed-loop cooling \w

temperatu re 1500 Allowable gas temperature .‘“130 CMC_
materials ¢ = \
. ® 1300 i
— blade cooling £ i \Maximum )
- TBC (thermal ‘.é)- 1100 + TBC lerr::;er;tal:re_
barrier = | N |
coatings) sl wpss | WmDs _ooerlT e X
» Cooling usually o oo single crystal
limited to 15t or 7| Nisuperalloys PUPSr OV
f b 1965 1975 1985 1995 2005 2015
ew turbine stages Voar |
afte r- CO m b u StO r www.virginia.edu/ms/research/wadley/high-temp.html

to minimize amount of bleed air required

Tubomachinery 72
‘Copyight ©2014,2015, 2018, 2020, 2021 by Jery M. Seitzman. Al ights reserved.
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Turbine Blade
Cooling

* Usually use
compressor (bleed)
air in aircraft engines

* Configurations
— internal passages
— external
« film cooling
« tip cooling
* Heat transfer
designed to

— focus on “hot”
spots and initial

stages
— minimize stress
concentration FIG-7.35 Typical temperature distributon (from Ret. [12])
Gas Turbine Theory, Cohen, Rogers and Saravanamuttoo

Turbine Blade
Cooling

* Rotor and
nozzle cooling
configurations
FIG 731 Trble s cstin 0) ey R
Gas Turbine Theory, Cohen, Rogers and Saravanamuttoo
T AF4451
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Consider a simplified ——> Vit (=c0rw)

\éleargieon of a (half) turbine T_) Jon AT(:
Inner cooling only [@] [@} {@J [@}

— neglect film and tip cooling for now .
— hot gas (combustor products) éﬂ?
flows over outer surface @G D B
— “cold” gas (bleed air) flowing
through inner passage(s) %
— turbine blade “wall” in between

Will analyze this simplified heat transfer problem to
understand heat transfer and blade cooling issues

,,,,,,,,

chinery 75
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Conduction Heat Transfer

Tech M Em

Start with description of K .
conduction heat transfer [ &
through the wall

— assume one-dimensional
— top side of wall uniform temp. (T )
— bottom side of wall uniform temp. (T;er)

nnnnn

Energy equation ; “|
— differential CV  Q,, = -(medT)+Q,, P
- steady . Qi =Quut Co‘[]hdeurcr:ntia\lllity le
Model for O :

: QN T
— Fourier's Law (1d) 4=, ="k

mmmmmm

anananananan
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» For steady, uniform material

— T gradientis dT _—¢ s A Toue
a constant K - o/ AX
— so T varies linearly through wall T
* Thermal conductivity X
— insulators like ceramics have
much lower conductivities than
metals <
T Tow
Nickel Super Alloys 20-30 q=—k M
Ceramic TBC’s 1-2 AX
V.30
» s0 TBC will produce much lower heat “k(e (|v3)1)
flux for same temperature gradient '
R AE4451
Georgia \’l’ i
= Te%h M g fing
Effect of Adding TBC Coating
« Example Ni alloy with Aalioy=3TMM - Ty
Katioy=25W/mK
. dT W —280K KW | T,,=1400K | ¥
g=—-k—=-25— =1400—- outer
dx mK 5mm m Tinner:1 120K Tinner )
q
AXqge=0.5mm
* Now add 500},tm TBC ka||0y:1.5W/mK Tou[eriiATXTBc
Y, mid
qalloy — qTBC:> kTBC (Touter _Tmid ) — kalloy (Tmid _Tinner) AXalloy
AXTBC AXaIon Tiner
— T o Touter AXalloy/kalloy +Tinner AXTBC /kTBC
me AXalloy/kalloy + AXTBC /kTBC X
— for same Touter' Tinner
. W 105K kw
Thig =1225K| g=25——"—= 525—-
mK 5mm m : T o7
thin coating leads to much lower metal T ... much less ™" ™ ouer
heat transfer... and over half of AT occurs across thin TBC
~~~~~~~~~~ R AF4451
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» Convective heat transfer -

between gas flows and TX ——v e
. . | Q/A
blade walls (including . ! )
boundary layer development) T ()
« As in rocket TCA analysis G =Ty~ Toan ) | V3D
7, ,00
- Prandtl numb
- h_h(Rez’Pr)/ randti number Convective Heat Transfer Coeff.
— s0 T, varies downstream  Pr=v/a  a=k/mx,
. ™ thermal
— e.g., for laminar flow over flat diffusivity

plate (though turbine blades are
not flat, and flow not laminar)  averaged over full length of plate (L)

St = =0.332Re, *Pr N _0.664Re, *2Pr?
\)
senon”l” 7a., Ve Pa.C,. V- (v320)
Georgia \" (
I <
= Te%h M i)

Con:/ective Heat Transfer - External

« Example c=1.8cm p=12bar o T
hot air T4as=1700K T 3R
' Twa|,=140/0K i m— .
. ; v=350m/s vall
Analysis Pr=0.8 v=2.55x10m2/s chord
hom = 0'332(pgxcpgx v, )pr—z/sRelmm—J/z Py.Co,. :Tgﬁ Re, :%
-0.5
_ 0_332(1200kPa 128 oo /5)0.80‘667 350m/s((_)éOO;Lm)
1700K 1.28-1 2.55x107° m?/s
=0.332(1130 k\ZN ]0.8‘0'66713700‘0'5 =3.7 k\zN h=on —18KW
m-K m-K x=c m2K
KW ,
Gy = 3.7 — (1700-1400)K =1.1MW /m Gy =I525KW /m?

highest heat loads close to leading edge of blades, will require more cooling

tzman. Al righis reserved.
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urbine Blade Analysis

« Comparing the 2 examples —>
. 350 m/s 1700K
— conduction through TBC- e 1400K
coated alloy =525 kW/m? i
— convective heat transfer into I 1120K
525 kW/m?

blade =525 kW/m?

» So together they could represent a single,
steady-state problem

qconvection,in = qconduction,through

» Next step is to investigate bleed air cooling
requirement

Tubomachinery S
‘Copyight ©2014,2015, 2018, 2020, 2021 by Jerry M. Seitzman. Allrights reserved.

Cooling — Convection Internal Flow

3 X

[ N |
* In pipe/channel flow can't | —, Q
assume infinite flow | o
— boundary layers meet and central flow
changes with axial distance

« Now 8- @ _
A Lx perimeter

* Need h expression for convection into channel
— turbulent flow, profile still developing
— averaged over channel length

_ k d 0.055
(v33) |h =0.O36dRe§'8Pr]/3[Lj

Bulk avg. temp.

(Tinner _Tbulk,coolant)

Tubomachinery -2
‘Copyight ©2014,2015, 2013, 2020, 2021 by Jery M. Seltzman. Allrights reserved.
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o o - 350m/is —»
» Using information in previous examples +  525w/m21700K

1) blade height/chord = 2 {mc 1400K
2) 2mm sq channels spanning 80% of chord| aioy

3) negligible spacing between channels t 1120K
4) 500K, 45 m/s bleed cooling air (Pr=0.8,  2*Wm°

p=14 bar, v=2.7x10% m?/s) 500K
Chorg _from (V.33) h =1.97 kW/mz e
=7 Qcoo 0.8 'ﬁ( Toer(2)
o =—= h(Tinner _Tbleed ) }I—>Z Q/A AX )1
Ablade 4 5 Tinnpr(z
=244KkW /m [®][®]t®’[®]{®1®’
only ~ % of heat load -
need to reduce heat load } T(Zi
or blade T will be higher ouer
must include film cooling ———> Vi (=corw)
due to air exiting blade
AF4451

» Generally the turbine blade cooling analysis
problem is approached as a simultaneous
solution of the conduction and convective
heat transfer issues

* Include effects of

- accelerating flowfield of gases flowing
over blades

- non-1d geometry of blade
- film cooling, boundary layers changes
due to “blowing” from air exiting holes

mmmmmmmmmmm -
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