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Two years:

WP1 Literature survey

WP 2 Shock loss model

WP 3 Secondary loss model
WP 4 Implementation
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Background and project aim

* Improve the accuracy of the 1D turbine design by improved:
— Exit Mach number correlations
— Secondary loss correlation for ultra-low aspect ratios

* Reduce the need for “unnecessary” CFD work early in the design
process

* Reduce the risk of costly late design changes
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The project cont’d
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Background and literature
— Complete Craig & Cox loss model

Exit Mach number correlation
— ~400 tested turbines by CIAM et al Y-

Low-AR turbine secondary loss correlation 3=
— CFD
— 2 LTH “typical” full low-AR stages

New turbine code

— Target pressure =3) tecma ot SE. = *  vowvo
— New improved “physical” angle model

— Python

— Real gas

Outcomes (so far)
— Report on loss models
— Report on shock loss model
— Conference paper is pending
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Aero design process
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Intro to a turbine stage

= Relative

— Absolut,
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Ainley and Mathieson et al.

Mid-span model

v' A well-established and widely used model (e.g. P&W, Siemens,...)
v" Normally stated to be within + one percent
v" A model is always just a model... Use with caution!

Several updates since 1951
v' AMDC+KO+MKH+...

Fairly simple to use — less geometry than e.g. Traupel,
Craig & Cox, Denton,...
Each major component is separately modeled:

Yior =Yp -fog "CEM +Y, +Y o +Y,

/ , \
Profile loss \Secondary loss Clearance loss

Reynolds number  Shock ITralllng edge
correction correction 0SS
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Super-sonic design example

Design point parameters

Pressure ratio 3.76

Stage loading 2.47

Flow coefficient 0.64

Mean reaction 30%

Mean exit swirl 37°

Efficiency 83.5% 2 Profile
Airfoil parameters Stator Rotor ETE
Inlet Mach Number 0.10 0.55 O Secondary
Exit Mach Number 1.10 1.14 Bclr
Flow turning 76° 124°

Aspect ratio 0.70 1.44

Zweifel loading 0.84 0.76

Trailing edge/throat 17% 10%

Tip clearance/height 0.0% 1.5%

Aerodynamic losses Stator Rotor Total

Profile Yo 0.029 (20%) 0.058 (16%) 0.087 (15%)

Trailig edge Y 0.046 (31%) 0.011 (12%) 0.057 (12%)

Secondary Yg 0.071 (49%) 0.180 (51%) 0.251 (50%)

Tip clearance Yo 0.0 (0%) 0.110 (30%) 0.110 (21%)

Total Y 0.147 (100%)  0.356 (100%) 0.500 (100%)
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Turbine profiling — loading philosophy

Smooth accelerations*

A N\ Magg max (<1.2 if possible)
<0.6-M 1.0 T
. ss,max \\\ . \
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i _ Q= (1 _ xmin) % Apmax
0.2 Ma ' . N.B. Schematic S s 1/2 pc?,
B PS,min
0.0 et ! >
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Axial distance (x/b)

. MaSS,max - Maexit Mainlet - MaPS,min

Dgs = < 0.20...0.25 Dpg = < 0.45
55 M aSS,max i M Ainlet
Rate parameter = Dss < 0.6
Aluncov/lSS B

*Thin boundary layers
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Schematic flow structure

Loss is incurred due to:

» Oblique shocks

» Shock/boundary layer interaction
» Wake pressure

Pressure side, M<1.0 Fxpansion
an

Suction side, M>1.0

Wake
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Based on: Mukhtarov et al. "Procedure of Estimating Flow Section Losses in Axial Flow Turbines

when Calculating Their Characteristics, Teploenergetica Vol 16 (7), pp. 76-79

Influence from exit Mach # level (70s)

N.B. Not the actual exit Mach #
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Exit Mach # loss correlations

« The AMDC-KO model for super-sonic exit velocity is:
CFM,, =1+60(M, 1)’

« The previous model is quite conservative and a later
correction is by Came:
CFMg,me =1+49.5(M, ~1)° +3.3(M, ~1)°

Came

* Prof. Venediktov (CIAM) presented a, by far, better model in 1990:

Cshock (i’ﬂgauge’5’dTE /0) = (1'21829 10 g2 +1.16320-10°° -52)'0)1 d%

gauge

0, = %[sin(z-n-{z—l.ls})u] 0..1.0when 2=0.9...1.3
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Profile atlas — #53 (of some 400...)

Pewetka BRIB7
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Optimum exit Mach (Laval) number

Assume linear dependency with R_:

R.
P Rovae
Conservation of moment at of momentum TE yields:
_ cos f, - v
cos S, .[1+ 5. ch o COS(,BZ,b . 5/2)
_ Be + Py o . 47"52\\
ﬂn - 2 ﬂn = ﬂ2,b + 5/2 COSﬂZ (1+ z‘ng/J
Pe =By +6/2 )

a, _ 2
Rc . cot? B0
sin®¢§/2

The final relation for isentropic exit velocity yields:

COt* g
cos(f,, +6/2) [ /1+ 2 1}
hos = g

cot’ B e
R 2 VE=Core 008, 14 S P
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Data mining — profile #55

Lambda

-0.2 0 0.2 0.4 0.6

Distance from TE
(1.0 means one turn around blade)
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Cascade properties and loss
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Prediction of critical

exit Laval #

As per Mamaeyv thesis

Exit Mach Number
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K accounts for losses in angular momentum in the near wall region. In this

case, it means an average of 4 % loss of momentum.
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Exit Laval # vs. uncovered turning

MamaevV’s approach
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The Tela model #1

BL thining offset by conventional

wake growth

$

A

begin

Supersonic losses

é, _ é/p A< ﬂ’crit v
P Cp + Alshook A2 A

Flow becomes sonic

Clustering of
smaller shocks

Wave-shock
interaction begins

Aéea k A

Sfrong .
normal Rotation of
shock strong shock
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The Teia model #2

5
X é, _ é/p ﬂ’ < /lcrit
p =
é/p + Aé/shock /1 2 ﬂ'crit

E
=
o
- =
S
E
b
s
-0.2 -0.1 0 0.1 0.2 0.3 0.4

Delta Lambda 2

=—g=Shock Loss (clustering) =—@==Shock Loss (rotation) =—@=Mixing Loss

Poy _E 4 )3 )3
p_oi_l 3(y+1)2(|v|f 1) +0(M; -1

| 90 | 90 - _
Aé’shock = {SIH(W}K + S|n[W](K —1) + k3 S|n(ﬂ-2 - ﬂ«peak )(K —1)}l:1_ (poz/pm)n ]

Where :k, =0.05 k, =1.1 k,=2.1 n=18
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Sir William Hawthorne
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Secondary flow in a bend

Two-dimensional 1dp 1dp
velocity distribution bdz < o

Q Secondary flow
! circulation(s)

Y VYVY

Generation of secondary flow due to
boundary layer entering a curved path

Euler-n equation:

1dp_W¢92
pdr r

wp ow,

T .
= — — w,,—— + small viscous terms
r ar

Based on Hill & Peterson, “Mechanics and Thermodynamics of Propulsion”

Boundary layer

¢ Flow not effected
o— by viscosity

A-rfe ? """" ~-A l@ I ld_p
pdz pdr
b ldp Wy _wg

2] B bemeenbs DT>

r a b
p/

Channel X-section and pressure
distribution in plane A-A
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Secondary loss

HORSESHOE
VORTEX  £©

—BLADE SURFACE
BOUNDARY LAYER

SECONDARY — \

FLOW ROTATION
ENDWALL BOUNDARY
LAYER

Stream surface

Inlet boundary layer

End-wall

Passage vortex

; %unter vortex

Langston

End-wall
crossflow

Secondary loss = f(C,, Aspect ratio, Turning, Velocity Ratio)
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Secondary loss

HORSESHOE
VORTEX '~

—BLADE SURFACE
BOUNDARY LAYER

SECONDARY —

]
] =
I =
‘l
FLOW —1‘51
Ko

ENDWALL BOUNDARY
LAYER

ROTATION

Stream surface

Inlet boundary layer

End-wall

End-wall
crossflow

Passage vortex
%unter vortex

Langston

Doesn't work very well below h/c of unity!

Acceleration Blade lift

Aspect ratio ﬁ ﬁ
% cosa, [CL J cos’ a,

Y. =0.0334f
> **| cose,, ) s/c)cos’a,

o

Ainley loading parameter

S/—LC =2(tang, +tana, )cosa,

o =tan™ {% (tane, —tana, )}

(1-0.25./2—h/c
h/c

for h/c <2

1

— forh/c > 2
L h/c /
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Secondary loss — models

Benner, Sjolander & Moustapha

0.038+0.41-tanh(1.20-5"/h)

—== for h/C<20
_ C-cos(a,)|
cos(y/)-CR-(h/C)055 {CZ

X

0.052+0.56-tanh(1.20-5"/h)

Cos(y).CR.(h/C).{W 055

X

for h/C >2.0

Denton (CTC)

V' —0.0334.f .| €95 | [C _cos’ a,
> * | cosa,, ) \s/c) cos’a

m

*
YS,Denton =

.st

oo|w

Mamaev et al.

2100 \a
=B - -z
é/S S [é,P Re j h

Bs =B, B, B

B = B_ ﬁl+ﬂ2,gauge SinﬂZ,gauge
(3 30 sin g,

Turn

Accel
B _ 1.0 for h/a, >1.5
" 10.66-h/a, +0.01 for 1<h/a, <1.5

Sharma & Butler

(1-0), (o), s.sin(ﬂ;)—TET [1+4. P ]

Sew ép

s/c_s/c_s

AR h/c h

Secondary loss = f(C_, Aspect ratio, Turning, Velocity Ratio)
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LTH Stages 1 — low and ultra-low AR

Total Pressure ANSYS

Turbo Surface 4

2.412e+005 \

Total Pressure
(bo Surface 4

2.208e+005

zquaoqi
1 .asseoooL

2.005e+005

| 1.801e+005

Total Pressure
Turbo Surface 4 AN§1YSSZ
2.405e+005 Total Pressure ANSYS
Turbo Surface 4
2.426e+005 Ri8.2
- 2.143e+005
2.191e+005

1.956e+005

L J 1.619e+005
. [ 1.721e+005
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LTH Stages 2 — low and ultra-low AR

S— No clearance s
2.205€+005 Rla2

Total Pressure Total Pressure
Turbo Surface 4 AN%YBSZ Turbo Surface 4 AN%IYSSZ
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Thank Youl!

Questions?
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