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Turbo Charger, Thermodynamics

th

T4,P4,Cps

\]nv =nr

1 .
Compressor: Py = 2.+, - Ah, Turbo Charger

Turbine:

=g My Ah; Matching Equation

P
EIL]'
S =142 [1-(2)F

V

3 © 2011 ANSYS, Inc. October 14, 2013



Turbo Charger, Matching
K1

- K1
Compressor (Z—i) Y =A1 +:’h‘—:-§ﬁ-nv.m. [1 _ (%;) K, ]

llllllllllllllllll

e Compressor Map must
fit Engine Characteristic .l
>my,n,,n,I1 :

« Matching = Il wrt C

* Turbine Map = mqny

Turbine

>174

4 © 2011 ANSYS, Inc. October 14, 2013



Matching by Turbine Meta-Model
K1

. K-1
Compressor (Z_i) & =1 +Z_:'§§j'nv'm' [1 B (%;) - ]

llllllllllllllllll

Compressor Map must
fit Engine Characteristic i,
2>my,nn.II, :

 Turbine Map as MoP

* Required = mqn-

* Matching = IT; wrt C Rl ,

« >Optimal Turbine Map ov Turbine

5 © 2011 ANSYS, Inc. October 14, 2013 ¢ >
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2 | @ Radial Turbine Design

7

A
1 t External Connection

=3 |l°|5]] Parameters

Radial TurbineDesign

2 i} Geometry o ——

3 (5] Parameters
Geometry

- C - D
1 1
—a 2 @ TurboMesh & ,——®2 @ Setup Vv 4
TurboGrid 3 |7 Solution A P

4 @ Results v 4

CFX

5 |Epd Parameters i

k' 3

[pd Parameter Set

-

2 % DoE
3 MOP
4 | & Results

Sensitivity

)
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E
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- A

8 ¥ External Connection
2 @ Radial Turbine Design P
>3 | rp:" Parameters I'

Radial TurbineDesign

- B - c hd D

2 | Geometry ¥ ,————m2 @ Turbo Mesh & ,———& 2 a Setup v 4
———>3 ?ﬂ Parameters TurboGrid 3 ‘E Solution % d
Geometry 4| @ Results v o4

5 |[pd Parameters
CFX

1
2 r
3 MOP B A4
4 | &% Results F

Sensitivity
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Turbine Design

»n )

1

/'l

Considered 7

Regign

Axial machines

ﬁ

S ow

|

Shage oasing coafioes




Meridian Plane

Defined Parameters:

9
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Rotational Speed: Q

Pressure Ratio:

Velocity Ratio:

Velocity Ratio:

Specific Speed.:

Radius Ratio:

Loss Coefficient:

Height:

T
Entropy Gain: As = ¢, In <_4) “R-In <&)

P:3

- Ah'is - Cis

P4

Uu;
U373
Cis
Cme .
m4

u3 QO.S
n.—n

s Ahiso 75
T'4n

= Tap Uyp Uy

r4s

Ahy, =0.5- & ¢, ,>

m=2-w-r-b-p-c,;

Ty

P3



Blade to Blade

Euler Equation
Ah=A(u-c,)

Total Enthalpy stn Frame
h, =h+0.5- c?

. : | Total Enthalpy rel Frame
w. Bs /S | h/=h+05w?
i i Inlet:
a3 i é ~
C il il a3, U3, B3~ Pp3 = €3, W3
i i i
i gﬂt | Outlet:
155 B
b |
oy 7 i A 0, Conay Uy = €4, Wy, By

10 © 2011 ANSYS, Inc.
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Design Parameters

Output Parameter will be

compared with CFD
Result = Correlation

Input Parameter

Mame
Los=CoefficientVV
NumberBlades
RatioR3H_R35
SpecificSpeed
RatioU2_CIS
RatioCM3_U2
QOutletPressure
BetaB2
Alphaz

[ Pd | —= (95

w (g [=d | [en | de

Value
4.0
TOB09010011.0
0.3
07
07
0.25
200000.0
0.0
5.0

[=r]

Constants

25 InletTotalTemerature
26 InletTotalPressure
27 GasConstantR
28 SpecificHeatCP
29 RotWelocity

1000.0
400000.0
287.0
1004.0
0000.0

11 © 2011 ANSYS, Inc.
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Ref\alue
4.0
2.0
0.3
07
07

0.25

200000.0

0.0

65.0

1000.0
400000.0
287.0
1004.0
30000.0

Lower Bound
T B

0.25
0.4
0.5
0.2

100000.0

-30.0

45.0

800.0
380000.0
23
a0
3

000.0

o | da

| La

4

Upper Bound

4 5
0.35
1.0
0.5
0.35
250000.0
0.0

JC

1100.0
440000.00000000008
315.70000000000005

1104.4

35000.00000000001

Output Parameter

MName
MachNumberRel2
MachNumberfbs2
MachNumberRel3
MachMumber&bs3
VelocityCo2
WelopcityWiz2
Welocityl 02
VelocityCo3
WelocityWi3
VelocitylU03
InletRadius
InletHight
HadiusHub3
RadiusShd3
SpecificDiameter
Ma=zzFlowRate
ReducedMassFlow
TotalPres=zureRatio

TotaTemperatureRatio

EfficiencyPobdtrop
Efficiencylzentrop

EntropyGain
StaticPressureRatio

StaticTemperatureRatio

Spoutingelocity
MeridianWelocity3
BladeVelocity
InletPressure
InletTemperature
OutletfTemperature
OutletTotalPressure

QutlefTotalTemperature

BetaB3Shd
BetaB3Hub
Entropy_Gain
MazsFlow



- A

1 External Connection

2 | @ Radial Turbine Design 7 4

3 | m Parameters I—

Radial TurbineDesign

1 _ Geometry
2 ) Geometry Vo,
————=3 [’p:' Parameters

Geometry

- D
1 e

¥

@Turbol'ﬂ'lesh Vo a2 a Setup -
TurboGrid 3 @3 Ssolution % 4

4 @ Results -
5 |[pd Parameters
CFX

3 Mop
4 | &% Results

(9

#
B
B

Y

October 14, 2013
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BladeModeler

« Mean Line Design tool
— Preliminary blade design

« Generation of 3D CAD

« Auto creation of
— One or all blades
— Hub & shroud solid i
— Fillets, ...
— Periodic fluid volumes =~
for CFD analysis
— Named selections

« Parametric CAD ppm—
modifications

13 © 2011 ANSYS, Inc. October 14, 2013



Meridian Plane

Hub/Shroud Spline with 5 Control-Points,

Dimensions relative to first and last

14 © 2011 ANSYS, Inc. October 14, 2013

BM_Elades a8
BEM_EB2 7.5797
BM_HubZ3_Rel 0.4
BM_HubR.5 20,255
BM_Shdz3_Rel 0.2
BM_HubZ4 Rel 0.7
BM_Z5 108.97
BM_ShdR2_Rel 0.4
BM_HubR2_Rel 0.3
BM_HubR3 Rel 0.05
BM_ShdR3_Rel 0
BM_ShdR4 Rel 0.3
BM_ShdR.5 67.519
BEM_R2 80,318
BM_ShdZz4 Rel 0.4
EM_RO 121.07
EM_R1 96,3381
BM_HubBetz4 -45.25
BM_HubBetal 0
BM_L2 Rel 0.55
BM_HubBeta2_Rel | 0.8
BM_HubBeta3 Rel | 0.4
BM_ShdBetal 0]
BM_ShdBetad -73.438
BM_ShdBetaZ_Rel 0.7
BM_ShdBeta3 Rel | 0.3
BM_R25 30,318
BM_HubBeta4 Inc | 10




15

Blade to Blade

Sketching  modeling I

B: Geometry

-y A= XYPlane

[ A= ZXPlane
ey A= YZPlane

«ﬁ RevolveHub

B8 RevolveShd

/B8 RevolveSlicel E

/B8 RevolveSliceTE

g™ Linelnlet

v e LinelE

ny™e LineTE

™o LineQutlet

[}~ MeridianPlane

. ‘,3 TurbineFlowPath

&7 TurbineBlade

I O O
(E= g SRR B B

- % TurbineBlade_
- % TurbineBlade_
-y, ExportPointsTurbine

Blade design on 2 layers,
Hub and Shroud

Bezier curve with 4 Control

Camberlinel
Camberline5

Points

Details View

=

=1

Details of TurbineBlade

Blade TurbineBlade
Elade Design Mode Camberline/Thickness
Flow Path TurbineFlowPath
Type Rotor
D FO1, Mumber of Blade Sets |8
Surface Construction General
Elade Extension (%) 2
Shroud Tip Clearance Maone
Leading Edge Details
Contour SketchlE
Type Cut Off
Trailing Edge Details
Contour SketchTE
Type Ellipse
FD4, Ellipse Ratio at Hub 1
FD'5, Ellipse Ratio at Shroud |1

con %00 !g 00 {rmeml) 2

Camberline/Thickness Definitions: 5
Layer1 Yes
Layer 2 Mo
Layer 3 Mo
Layer 4 Mo
Layer 5 Yes

L
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¥

P=p-R.T &hJ __

—

= | | | ca

[P ]

fed
| Lh

fra

Constants

Fed
i

=TT | =1 Da
CHlel_ MU G
M chd72 Ba
Ol SN0l e
T 0 Oe
Ohl_sndrs RE
I 0 O
m) UbDR:s RE
ST 0n O
Ol _ DS E
Okl CRADT De
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(=] Hih7 e
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Design Parameters
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1 5’| External Connection
2 | @ Radial Turbine Design 7 4

— =3 m Parameters I—

Radial TurbineDesign

- C
1
2 @ Geometry 4 —. 2 @ Turbo Mesh 3 ,———& 2 a Setup v o4
———= 3 |F|§] Parameters TurbaGrid 3 | g solution % 4
Geometry 4 @ Resuts Vo4

5 |0pd Parameters
CFX

|Ei>:| Parameter et

2 | % DOE F .
3| mop B 4
4 & Results  F
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TurboGrid

18

« Automated mesh
generation for bladed
turbo machinery
components

« High quality hexahedral
grids
 Repeatable

— Minimize mesh
Influence in design
comparison

 Scalable
— Maintain quality with
mesh refinement

© 2011 ANSYS, Inc. October 14, 2013

€5 Mesh Statistics

Domain I ALL

4

‘ Mesh Measure
EMimmum Face An...
‘ Maximum Face A...
| Maximum Elemen...
| Minimum Volume
Maximum Edge L...

| S
i Maximum Connec...

Value

28.1933 [degree]
151.817 [degree]
13,2751
7.23517e-13 [m~3]
135.565

10

% Bad
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

LARKAA




CFX

Fast & scalable solver Multiple Frame of
Low speed to supersonic Reference
Steady/transient Multi-phase flow
Turbulence & heat Real fluids

transfer  Fluid/structure interaction
\7)
E &3

~

&

[
I‘,‘

19 © 2011 ANSYS, Inc. October 14, 2013



Set-Up & Boundary Conditions

4 ﬁl Expressions
Entropy Gain
MassFlow
Sinlet
Soutet

Tin

Torgue
Tout

Ts Ratio
Tt Ratio
Ttin

Ttout

u2

U2 ds
aiternd
aiternl
aitern2
alphain
cis

cm

om U2
myAirCP
myAirCY
myAirDensity
myAirk
myeta is ts
myeta is tt
myeta pl ts
myeta pl tt
mykappa
myomega
nSector
pin

pout
poutlet

ps Ratio
pt Ratio
ptin

phout

@I r Inlet

afaaaEaEBaaaaa@Eaa@aaaEaaaaoaaaaaaanaanm

(Coutet-Sinfet)impdiR
massFow () @Inet nSector

iassFiowAve(Statc Entropy) @Ilet Fluid ideal Gas
et et Turbulence Model SST
Total Pressure and Temperature @ Inlet

(torque_z{)@FRlade +iorque_z{)@Hub+orque z{)E@Shroud) nSector
massFowdve Temperature @0utiet

T/ Tout .
rin/Teout Static Pressure @ Outlet
726.85 [C] o
massFionAve(TotalTemperature in St Frame) @0utet Relative Frame of Reference
r Infet“myomega/ifrad]
Uit

20

mo

200

I 1399690137935 fradian]
sqri{ 2 max{imassTonwAve(Total Enthalpy in Stn Frame )@inlet-massFowAve(Static Enthajpy }@0utiet
massTowd veleloaty w)@0ubet

cmdi2

1004 [Tkg -1 1]

mypAirCP-mpArR

Ry

287 [T hkg-1C-17

{1-1/Tt Ratio)max({I-{1/max{ps Ratie, 1.0 L)) ({mykappa- Lmykappa I, 0.0 1)
(1-1/Tt Rabio)imax({I-({1imax(pt Ratio, 1. 0 L)) \{{mykappa-Lmykanpall),0.01)
h{L/TERatio) /min({1/max(ps Rato, 1.OIN "{{mykappa-Llnykappal), -0.01)
h{L/TERatio) Aminfni{ i/max(pt Ratio, 1.0 1) ({mykappa-1)inykappal), 0.01)
My CRmpdinCV

5235, 8877558333328 [radian -1

&

massTowd ve(Pressure) @0ubet

200000 [Pal

pout+{Tramp)“{ptnpout)

piinbout

piinatout

S00000 (Pa]

massHowd ve(Total Pressure in Sin Frame)@0udief

0.08031 75295488 [m]

20 © 2011 ANSYS, Inc. October 14, 2013



Solver Run

Imbalance ~0%

:‘————————————

7 15 [| M SN S— -

lteration 40

4 . .
] Limit 0.1%
> 0 l .
-2% ' 5
- - : E w »
f T ¥ T T ' T T Azmurndated Tww Sy
0 X < L L J
Ascrmiated Tme Stap = Maorstor Poct: Von Mema Mo —— Mantor Pont: Mon TeRate  — Nonitor Pont: Mon Tt Rate
— gy Iroslace (%) NRote  — PMam Inheance {%) nRote Marstoe Spirkt; Mon 12 o8 Mortor Port; Mon on \Q w— Morstne Soeit; Mon efe u iy
| )Maore Intisierce {%) nRokr Vo inbsance {%) n Rotr w— Nonitor Poe Won eca s i Nontoe Pont: Mon esapi iy = Nontor Pont) Moo e pl 1t
W Mon Inbadance (% i Rotor MNontor Port Mon D6 Ratn === Nantor Point) Mon ot Rate

Imbalances Monitor Points
Mass Conservation Efficiency

RMS-Residuals

Mass Conservation
Momentum
Energy

Momentum Variable Ratios
Energy Pressure, Temperature...

21 © 2011 ANSYS, Inc. October 14, 2013



CFX-Post / Turbo-Post

* Turbo post-processing i

— Turbo plots
* Blade-to-blade
* Meridional

— Turbo charts
* Blade loading
* Hub to shroud

— Turbo report
templates

1 component 2
multi-stage

22 © 2011 ANSYS, Inc. October 14, 2013

BN e b ok v

;*»::r;nn:nu:mn:nu;u

@ Report Templates
Asasl Compressor Rotor Report
" Arsport for an ae compressor rotor anskyss
|, Centrifugal Compressor Rotor Report
% A report For a centrfugal compressor rotor anshysis.
ﬁ\ Generic Report
‘—_.’, Ths < a genenc report
Pump Repart

¢ Areport For a punp inpeder analyas,

wort For a stator anadysis,
" Turbine Rotor Report
A o Lurbine rotor analyss

A ot o an &GN of £adh
&, Turbine Stator Report
Areport for 4 988 o sheat trbns stator (or rozzk) 4

t II" o

s
Sia
Tan

.
....
.....




ontisLonN

optimizing structural language

- A
8l ¥ External Connection
2 | @ Radial Turbine Design &

— =3 m Parameters I—

Radial TurbineDesign

2 @ Geometry ¥ 4 a Setup -
——= 3 |EFJ Parameters TurboGrid 3 Solution % d
4 @ Results -

5 |[d Parameters

Geometry

CFX

| [pd Parameter Set

-
1

2|3 DoE 4
3 MOP F o,
4 45 Results  F
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Design of Experiments

T

®2 O TurboMesh

TwrboGrid

R v R R
A ot & Ba o _C

INPUT. StrecAyrenre
2%

o

o
P ——r
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Licensing, HPC & Parametric Packs

25

=
o
5 2 One set of
% € dp2 S
& Q olver keys
& g 3 dpl without HPC
A:ay@ ‘E':O ;_Q ey 1 'ée
v av . nugeH/Ccl)sr;_g‘s" 'z?
1 — Y e Ja

Si'"uhan@e 3
sign Poings

* A lot of calculations!

« How can these
calculations be done in a
quick way?

Four sets of solver keys
or
One set of solvers and

94% reduced time

(e i . .
“ L 1 x HPC Parametric Pack = v to innovation
~o%
FSeoB 00 g E = s
N -~ % = . =y
o] e : A o [y S » a , ¢
- - & -~y . S
< &y 4 - . &)
Ly o o3 e“! ; e 4 2= /3 >
1 . v -, + 1 HPC Pack . — e
S G 3 ¢ 0
lmultaneous Design Point ! g si”’"'taneous Design po; t ’ )
ints
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Meta-Model of Optimal Prognosis

_m B ic'Poi ts
Test.Points' ®

COrreIation Filter

Importance Filter

-
26 © 2011 ANSYS, Inc. October 14, 2013 L )



Best Practice CoP

27

CoP is increasing with
Number of Samples: 100%
or to a Limit = "Noise”

The higher the Dimension of
MoP the more Samples are
required

The more non-linear MoP is,
the more Samples are
required

MoP wrt to Lower/Upper
Limit of Parameters

© 2011 ANSYS, Inc. October 14, 2013

Explained variation

0.90

0,80 °

0.70

0.60 - CODquar

050 L CCP MLé SV et

MLS 2
g B COP ALIS Var —l‘—
2 50 100 200 500

Number of samples




Trouble Shooting for small CoP
\,

R
. :‘v"t‘\
 Number of Evaluated Designs? | \\

— Check CoP(80)~CoP(150)

* Numerical Error?
— Best-Practice!

Model Error?

— Turbulence Model

— Steady vs. transient

— Hot vs. cold Geometry

Multiple-Mechanisms Gy the maximal
: _ Stress?
— Use alternative Output

28 © 2011 ANSYS, Inc. October 14, 2013



Characteristic Data: Mass Flow Rate

R i i 1 s 8 e
oML oF BregAntis = 03

T

s

INFUT: Ravoue Cis
CEN

NPUT. Bctans
I'%

INPAT: OubvatPrugsure
7%

24 22 @ L8 he ne 12
’ OultPresalre 11055

1. High CoP 93%
2. Important Parameters
3. Plausible MoP

LINEAar regression O Mansriow

e

SrorifirSoood
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30

MLY aporoumation of svywia g4 s
Cosfhoam of Prognosss =

09|
ons
o |
0rs!
o7 |
065!

0ot ol

06 {
048
o |
04'-‘
oAl

035 .

Full Data Set

Padynecrran wasiun of mywia_pl by
Cosficiant of Prognosis = S8 %

o
.
065/ .
085 .
08 5

LIRS

13

w0

o P

e
8
0.65

0.e

Ravtol2 C1S

oo

0.7

RatoU2 CIS
0.7

08 065 07 075 08 085

0.55

Pty e r
Cosftciant of Prognoss =

MLS appruumation of svy
ConffCunt of Prognoss =

Alpha2

ML[:*II

wasion of mywta ot by

L

Characteristic Data: Efficiency

Contficents of Progsosis (using Mo}
Al modwt: CoP = 01'3

INFUT: RatioCM3_U2
%
INPUT: BM_ShoBeta3 Rel
10%
INFUT: DutietPressure
11 %
IRPUT: Numbertiindes
11 %
INPUT: M ShdR4_Hael
3%
ENOUT. Batal2
14%
INPUT ! SpecficSpend
16 %
INPUT: Ratios2 CIS
12 %
INFUT. Alana2
17%

ac %0
CoP [%)] of QUTPUT: myeta pl ty

Confficents of Progsosis (using Mo
Al modwt: CoP = bb’m

INFUT: OutietPressure
I'n

INPUT: BM_ Sharé Hal
4%

INPUT: BM_ShoR2_Rel
LR

INPUT: BM_ShaBeta3 Rel

LAY

INPUT SpecécSpeed
8%

INPUT: Aloha2

18 %

. INVUT: Rations2 C1S
32 %
20 :

0

ac %0
CoP [%)] of QUTPUT: myeta pl ty




Alternative for Efficiency

« Definition of Efficiency:
— CoP=66%
k In(r,T,.)
k-1 ln(p4-/pt3)

Contficents of Progrosis (using Mo?)
Al model: CoP = B9 N

“w

INPUT: BM_ShaR2_Rel
2%

npl o

L]

5 INPUT cc)ra'nmc
L
|

INPUT: SpecicSpeed
16 %

INPUT: Alohal
17 %

* Entropy
— CoP=89%
D4

T
As = ln( ) R:-In|—
T3 p3 ol ¢ 'w hprastlo Counffic -| dnmpmu ;mﬁ;

INFUT. Ratiou2 _CIS
2%
| =

of QUTPUT T! Ratio

INPUT: Ratiol)? CIS
26 %

ouT: Dl m e

1
) -
N
-N
|

80 100

%0
CoP [%] 0 I'CUU’U" Ertropy_Gain

 Total Temperature
— CoP=93%

CoP [ 'N]
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Correlation: Mass Flow Rate

OUTPUT: MassFlow vs. OUTPUT: MassFlowRate, (linear) r = 0.824

Real Mass Flow Rate is smaller than
predicted due to blockage

MoP can be used for blockage correlation
Mass Flow Rate depends on

2.5

1.5

OUTPUT MassF!o;Rate
°
.

» Specific Speed
« Qutlet Pressure "
 Blade Inlet Angle

D

2.5

_ Mcr

1 1.5
OUTPUT: MassFlow

BT Gt e SN Ramebrd . DLEGT Mide st INPUT: SpecificSpoed ve. OUTPUT: MassFowRato, (inear) ¢ = 0.892 E INPUT: SpecficSpoed vs, DUTPUT. MassFiow, (bnedr) r = 0.765
a

Mepp

&
$n 2q N
-] 7"—-
:E 3 p .5 g{-. o ....
S = St Sy '." -!"‘,.o tem
§c\ E" . 2 .""; .‘.....-o ..h “.: .
1 2 @ JCiee" N
> A ..'o % ‘Q.:" 8':'& ¥ K
- - vy N . .

L RN
0.:,_* c‘-_;'i‘:‘ ar

.
0.e 05 06 0.7 08 039
INPUT: SpecificSpesd




Correlation: Efficiency

OUTPUT: myeta_pl_ts vs. OUTPUT: EfficiencyPolytrop, (linear) r = -0.265

Efficiency prediction due to . . % . |
0 0 ®
dynamic loss is not o ., o0 -
- - ] . -
sufficient ° P . ..,\.- .".';'.' 3 .
N 0e ® ® [ 4 4
oL o L/ Koo @ i
AhV =0-5' Q - Cm4_2 o ..: ® ..’ “. ; :.~:.:. ° .‘... . L °
Soo “ ¥ “, ¢ e o
bO'~ ¢ > L X L4 ® * N
MoP for Entropy Gain can be Z;m . * ° . . ’é"'l'! 3: :-. 2
used as prediction for oo T L e ob o, 2 S ——
o L ]
Design Procedure g PO M U SRR
el e |
s oW ?o fl,f . & %e%e® :".4 I
| ERARET I cfeer
] ase] Fo| QO * e ° .8
- | ol o | ° oe ®
g g o | OO : ® . .
*.7“ ‘ a4 ol . ". i e B
. Nl « ° * _
L EX i © ¢
il & & ’]’]
2_ | | o ICFD_

| | |
0.65 0.7 0.75 0.8 0.85
OUTPUT: myeta_pl_ts
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Summary & Outlook

e Summary
— Turbine Map as Meta-Model m,n=f(p, Geometry)
— Design Correlations can be derived from Meta-Model
— Primary Design by Meta-Model - turboSLang

k'

« Outlook Q%\"‘,
— Quality might be improved by 7 \;T
LADS

« Finer Mesh to reduce numerical noise ==
* More Design Points in Meta-Model
» Better Lower/Upper Bounds for Parameter
— Turbine Map as Meta-Model m,n=f(p,Q2, Geometry)
— Compressor Map as Meta-Model
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