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Small-Power Capacity ORC Units

« Combined-Cycle Powertrains

« Zero-Energy Buildings

TU Delft Mini ORC Turbogenerator B

Rotor

ORCTurbogenerator |

In-house
Battery

Heat Pump
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Home Electric Car Charge Unit
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Problem Statement

« Challenging turbine design
High volumetric ratio
Non ideal gas behavior
Small dimensions

* No validated design guidelines
Loss models

CFD
* No Industrial experience!

Turbine efficiency pays out!
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Our Enwsaged Solutlon

ORCHID facility

Planar de Laval nozzle




FD Design Path for mini-ORC RIT

Siloxane MM  Stator designed 3D Mixing- Centrifugal &
o by adapted MoC plane with Aerodynamic
Radial-inflow SST-kw loads

igned

turbochargers
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Resulting Turbine Design

Normalized Entropy
1.070
1.066
1.062
£1.058
1.054
1.049
1.045
£ 1.041
1.03
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Explomng Shape Optlmlzatlon
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1. 13 Design variables
2. DoE: Latin Hyper Cube
3. RSM: Support Vector Machine
4. Optimizer:. Gradient based NLPQL
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Improved Turbine Design
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Unsteady Simulation

Stator-rotor Interaction

I. Impact on Performance

Rotor blade loading )
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Il.  Aerodynamic loads about 1/,, of centrifugal loads

1(';UDeIft Small efficiency oscillation & No HCF induced by aerodynamic loads |




Turbine simulation
Unsteady

Ill.  Steady state vs. unsteady results

Unsteady

]
TUDelft



]
TUDelft

Off-Design Performance

Characteristic Curve

1. Constant: @ — pout — Ttin

2. Changing: p;, (m)

Total to static efficiency
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High efficiency for arelatively wide range of expansion ratio
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Key Take-Aways

Highly efficient mini-RIT elaborating high Vol flow ratio is feasible

Turbochargers design guidelines not applicable to mini-RIT

. Significant efficiency gains by using CFD-based automated

design

. Unsteady simulation arguably not needed for global performance

assessment

. Off-design performance (more than) acceptable at partial loads
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Let’s make it by AM!
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Thank You!
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Turbine design

Preliminary design: zTurbo

Turbine characteristics —RIT
Nes 83 %
n 98 krpm
Pi #
m/pout 40 &)
Working fluid MM = 185
Boundary conditions -
- 18.1 bar 50 £
Pin ~0.3 0.5
Tin 300 °C
s [kJ/kgK]
Pout 0.4 bar
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Cycle Efficiency [%]

Turbine efficiency pays out

— eff. req.=0.75
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Turbine design

3D Geometry )

* Stator MoC L.

» Rotor parametrized geometry
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Technical approach

3D steady-state and unsteady fully turbulent (Ansys-CFX)
SST-kw turbulence model without wall functions (y* = 1)
Look-up tables for thermo-physical properties

Ansys Workbench for shape optimization
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Turbine simulation

Boundary conditions

Domain inlet

Domain outlet

Total pressure
Total temperature
Flow direction
Turbulence intensity
Static pressure

[bar’]
°C]
-]
[%0]
[bar]

18.093
300.0
1 to boundary

5
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Turbine design

Selection of the inputs

CFD-based shape optimization

Construction of

the design space

« Selection of the inputs

Fluid dynamic simulat

ion of the design points

Creation of the

response surface

* Design space sampling:

- Latin Hyper Cube

P

* Fluid dynamic simulation of the DPs

4
onse
su
\ccur ate?

rface

Yes

Determination of t

he optimal solution

« Creation of the response surface |

- Support Vector Machine |

Simulation of the candidate point

« Determination of the optimal solution

- Gradient based NLPQL and screening

Quit: optimized geometry is found and verified




Turbine design

CFD-based shape optimization: 13 design variables

 Blade number: 1 DoF  Blade curvature: 4 DoF

« Meridional channel: 5 DoF « Blade angle: 3 DoF
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Turbine design

CFD-based shape optimization: 3 subsequent problems

1. Optimization of the meridional channel shape
55 design points
2. Optimization of the blade curvature
44 design points
3. Optimization of the blade angle and flow deflection

44 design points
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Turbine design

CFD-based shape optimization: design of experiment

Monte Carlo sampling Latin Hypercube sampling
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Turbine design

CFD-based shape optimization: overall parameters

 Number of degrees of freedom:
 Number of design points:

 Objective function:

« Design of Experiment:
« Response surface:

 Objective function:

13
143

total to static efficiency

Latin Hypercube
Support Vector Machine
Screening or gradient based NLPQL
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Turbine design

Normalized Entropy
1.070

]
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Turbine design

Baseline & Optimized: losses breakdown

Loss

Profile:
Mixing:
Secondary:

Tip leakage:

Kinetic energy:

Location

In > TE

TE - Out

In 2 Out

In = Out

Out

midspan, free slip endwall, no tip clearance
midspan, free slip endwall, no tip clearance
no tip clearance

tip clearance

tip clearance

26
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Turbine design

Baseline & Optimized: losses breakdown

 Profile loss:

* Mixing loss:

« Secondary loss:

« Tip leakage loss:

« Kinetic energy loss:

As, =

P (STE o Siﬁ) midspan, free slip endwall, notipclearance

ASmiz = (8,,, — 8

out TE ) midspan, free slipendwall, notip clearance

'&SSEE — (Sﬂut - Sin) - ﬂsz'I - &Sp

no clearance

&Sc — (Saut - Si—.ﬂ.) - .&Ssec - ﬁSmim - &SF

tip clearance

"ﬁ"h’TE — (ht,ﬂut T haut)

tip clearance
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Turbine design

Baseline & Optimized: losses breakdown

A
h
; Ah Al = Ah . Ah
—————— | = AL~ " Ah. Al
_______________ Pout T ds = dh — vdp
-

]
TUDelft



Turbine design
Baseline & Optimized: losses breakdown

m BL and shock N\ Wake and shock mixing
® Endwall and seconday flow £ Tip leakage

Baseline Nts, optimized — Nts, baseline — 2.4 %

- Different reaction degree

Stator Rotor Exit KE

Optimized Rotor losses:

» Endwall and secondary flow |

]
7
]
/
]
/

 Exit kinetic energy |

Stator Rotor Exit KE

0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20%
ANg

%
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Turbine design

Baseline & Optimized: losses breakdown
Lower KE loss for final geometry

« Streamlines attached to the blade:
Higher relative Mach

Lower absolute Mach

=3

Baseline | Final
M -] (.60 0.53

M rel. | [-] (.82 0.90

31.6 22.6

E Baseline
B Final

Meridional component | |

[°]
B | ]| -53.7 |-582

I
[
T

“] |
TU Delft Tangential component | |




Turbine design

Baseline & Optimized: losses breakdown, secondary flow

P T

(a) Rotor radial-to- (b) Rotor outlet flow field (c) Suction to pressure side
axial bend pressure schematic. pressure gradient.
gradient.

%
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Turbine design

Baseline & Optimized: losses breakdown
Entropy at rotor outlet

Nolmalized Entropy ;
1.070 i ‘
1.066 \ A
1.062
Lgsi
1.05
1.049 O @

1.045
1.041
1.037
1.033
1.029
1.025
1.021
1.016
1.012
1.008
1.004
1.000

Endwall free slip No clearance

Normalized Entropy
1.070 \
1.066
1.062
1.058
1.054
1.049
1.045
1.041
1.037
1.033
1.029
1.025
1.021
1.016
1.012
1.008
1.004
1,000

Tip clearance
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Radial coordinate [mm)]

Turbine design

Baseline & Optimized: blade optimization

* Higher number of blades

« Sharper hub contour
- Purely convergent channel on blade to blade plane

25 .
Baseline
20 Fbedided o e,
15 +
10 Ll —— Baseline
—— Optimized | |
-10 -5 0 5 10 15

Axial coordinate [mm]

Optimized
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Turbine simulation
Unsteady

b = CI)max,min — Py

I.  Unsteady effects magnitude D,pe

II. Blade loading variation in time

CI)1,m$teady - CI)Steady

Ill. Steady state vs. unsteady results ¢ = 5
e e steady

]
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Turbine simulation
Unsteady

Ill.  Steady state vs. unsteady results

Comparison index:

u nSteady VS. Steady . Stator and rotor entropy increase
Efficiency Nes +0.2% . e
g . e
' o
Stator +0.4% §° /,
Forces 5 o
Rotor +2.8% = e
<4 S
2 o Yo
Stator outlet (abs) —0.2% 0.0 ==t
Mach Numbers 000 025 050 075 100 125 150 1.75 2.00
Rotor inlet (Tel) +4.7% Meridional coordinate [-]

]
1 VIDIEIREN Steady state simulation captures machine behavior for the present test case s



Turbine simulation

Unsteady
Ill.  Steady state vs. unsteady results
Blade loading
Stator Rotor
Stator blade loading Rotor blade loading
40 ———— — Sy I—--- UI‘ISItEEId}I' awale
\ 4 \ ------- Steady
T ) l, \ L’ x\
n‘__EZD i n_ﬁ Iﬂu\ \
10 ‘ \\ 2 \\\# h!-qhhh
—--—- Unsteady ave 1 o \
------- Steady = Vel

0.0 02 0.4 0.6 0.8 1.0

Meridional coordinate [—
Meridional coordinate [—] [-]
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Turbine simulation

Off-design performance

1. Constant: w — pour — Ttin

2. Changing: p;,, (m)

Off-design performance

Min
Expansion ratio: B / B 63%
Mass flow: m /mdes 62%
Power: P /Pdes 539%
Efficiency: N —Nges —5.9%

Max
118%

119%
120%

—0.3%

Total to static efficiency

0 P
J#.___.-‘ Sl -8- ®-—o.
_ -1 ! ..._'," ! ! !
.EE —2 | l',-f" .
= i
g7 s
b =4 L 2
= I
R
[
£ 5] ® | |
i B Design point
—40 —30 —20 —-10 0 10 20
E_EUS"\T' i,
Foo %]

High efficiency for a wide range of mass flow variation 37



ORC system with regeneration

Process flow and temperature-entropy diagrams

Pump
7 Boiler/heater

5 8(|§‘)

r

" Generator

Regenerator, \OI
‘_ O
/

Temperature

%—' Turbine

Condenser
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Turbine simulation

Fluid characterization, compressibility factor

Location z
Domain inlet | [—] | 0.772
Mixing plane | [—] | 0.979
Domain outlet | [—] | 0.993
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Turbine design

Preliminary design: stator loss correlations

Glassman profile loss: L Bk, R o,
ass a p 0 . p_CDSCEGut —g Hk RBG2 Iu
: B Asp
« Glassman endwall loss: IL..,=1L (— _ 1)
AED

(1+:r;1M2)"%‘_P_1

« Osnaghi mixing loss: L. — v e r*a( g 1)
(1+%M3)""1 —1
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Turbine design

Preliminary design: rotor loss correlations

* Baines profile loss: L, =k, 5~
H

 Baines endwall loss: Lena =k, [0.68 [1 — (

 Bainestip leakage: ; _UnM
¢ 8«

(w2 +w2,)

bo| =

iTL out

m) 2] cos }Bﬁ—out]

bnut
C

%(W? W2

Tin

(K.e.C+ Koe Ot Ko Ve, C.C)

)
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Turbine design

Additive manufacturing

* Printing time: 4 hours !

Scanner system

« Selective Laser Melting

Fabrication

der bed
e Object being
fabricated

« Stainless Steel 316 system
« Layer thickness 20 um

« Surface roughness: Ra 7

‘ Fabrication piston

*  No support material Pouder delieny pison

« Heat treatment: to reduce internal stress
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