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Motivation 2/18

Increase ORC turbine efficiencies via passage flow field investigation

— Experimental investigation of ORC turbine passage flows
NO experimental data for flows within ORC turbine blade passages

* Properties Ty, PryPyu, ot
¢ Independent measurement of P and u field direct measurement of u

consistency of thermodynamic models e.g. hPp,Tp)=5hP,T)+ |ul?/2

* Techniques total pressure probes & pressure taps (P, P)
thermocouples (1), LDV (v), Schlieren (shock waves)

limited investigation in industrial plants = TROVA (Test Rig for Organic Vapors)
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—  Design of the TROVA

— Dynamic simulation of the TROVA
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— Background on ORC
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Background — ORC & turbine flow 4718

Rankine cycle + organic working fluid — Mm, complexity
e Advantages on cycle, plant, operation =2 viable technology, low/med T', W,
* Disadvantages on turbine flows — real-gas effects, low speed of sound
— limited knowledge of expansions
(N — design tools)
State of the art

novel real-gas models (Span-Wagner) + CFD (zFlow) , separate validations
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Background — ORC & turbine flow 4718

Rankine cycle + organic working fluid — Mm, complexity
e Advantages on cycle, plant, operation =2 viable technology, low/med T', W,
* Disadvantages on turbine flows — real-gas effects, low speed of sound
— limited knowledge of expansions
(N — design tools)
State of the art

novel real-gas models (Span-Wagner) + CFD (zFlow) , separate validations
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—  Design of the TROVA
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Dedicated facility — Design 5/18

* Limits for investigation industrial ORC plants

e Controlled flow for calibration

TEST SECTION: planar straight axis convergent — divergent nozzle

quasi — 1D, 1sentropic expansion (no calibrated probes)

FLUIDS: Siloxanes & Hydrofluorocarbons — thermodynamics, safety
Siloxane MDM (high T) & HFC R245fa (low T)

OP COND: patameters A, — Py, Try — B,..— P

CYCLE: Gas cycle vs Phase transition cycle

high costs for continuous operation
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* Limits for investigation industrial ORC plants

e Controlled flow for calibration

TEST SECTION: planar straight axis convergent — divergent nozzle

quasi — 1D, 1sentropic expansion (no calibrated probes)

FLUIDS: Siloxanes & Hydrofluorocarbons — thermodynamics, safety
Siloxane MDM (high T) & HFC R245fa (low T)
OP COND: patameters A, — Py, Try — B,..— P
CYCLE: Gas cycle vs Phase transition cycle
high costs for continuous operation
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Dedicated facility — Design

* Limits for investigation industrial ORC plants

e Controlled flow for calibration

5/18

TEST SECTION: planar straight axis convergent — divergent nozzle

quasi — 1D, 1sentropic expansion (no calibrated probes)

Siloxanes & Hydrofluorocarbons — thermodynamics, safety

Siloxane MDM (high T) & HFC R245fa (low T)

T,6 > TT6 _ lgimzx_P7

Gas cycle vs Phase transition cycle

high costs for continuous operation
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TROVA — A blow down facility 6/18

Closed loop — phase transition — batch operating facility
* | power — T energy exchange time: storage P, > Pr,— limited test duration

* Unsteady nozzle flow: constant Pr., (MCV) — change in /., (HPV)

= sequence of steady flows with transient operating conditions Py, T
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TROVA — A blow down facility 6/18

Closed loop — phase transition — batch operating facility
* | power — T energy exchange time: storage P, > Pr,— limited test duration

* Unsteady nozzle flow: constant Pr., (MCV) — change in /., (HPV)

= sequence of steady flows with transient operating conditions Py, T

HPV
1 TEST SECTION /LPV

g /
J gl

Design, Simulation and Construction of a Test Rig for Organic Vapours WTUfBEDEN POLITECNICO DI MILANO



Sizing procedure & results 7/18

EVALUATE HPV/LPV V,P, T —» ~20s

Linin
Iterative nozzle flow calculation — Lumped parameter — MDM , R245fa
* Parameters setting  1p1-, Vipr s Prpr

* Initial conditions  nozzle flow operating conditions

* Calculation #— unsteady mass & energy bal. — vessels b.c. update
* Calculation stop P, =P, or 1 shock at exit
e Parameters update it £ =/
* Safety check P . for tanks connection
BY-PASS V6 P
CONTROL X D2
VALVE
VS5
K-y
BY-PASS
SEEDING
TANK
MAIN
CONTROL —_ —_ —
j VALVE o)
vs v4
I e X
£ Tt6l té | - %
D1 i “TEST SECTION D3
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Sizing procedure & results 7/18

EVALUATE HPV/LPV V,P, T —» ~20s

Linin
Iterative nozzle flow calculation — Lumped parameter — MDM , R245fa
* Parameters setting  1p1-, Vipr s Prpr

* Initial conditions  nozzle flow operating conditions

* Calculation #— unsteady mass & energy bal. — vessels b.c. update

* Calculation stop Pr =P, or 1 shock at exit

e Parameters update it £ =/

* Safety check P . for tanks connection

MDM - Vessels design MDM - HPYV conditions, tests

HPV LPV MDM R245fa
Vo (m) 1.0 5.6 Py (bap) 50 50

P (bar) | 500 20.0 Tragen (O 315 176.5
T (°C)  400.0 400.0 . (s) 12 28.5
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— Dynamic simulation of the TROVA

Design, Simulation and Construction of a Test Rig for Organic Vapours ! TURBODEN POLITECNICO DI MILANO



Dynamic simulation 9/18

Batch operation + control systems > START-UP and TEST time

* Processes to simulate: heating — test — condensation
* Batch simulation: batch operation of the facility
* Model approaches:  lumped parameter / 1D (plant) + 1D (nozzle)
* Simulation tools: Modelica (object-oriented language) + FluidProp
simple models = complex model
Fortran + FluidProp
e Self-made library: lack of component models — e.g. nozzle =2 TestRig
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ey ey e My e by b
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Dynamic simulation 9/18

Batch operation + control systems > START-UP and TEST time
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Models — Heating system
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Models — Test system 11/18
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Models — Test system 11/18
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Simulation results: heating & condensing 12 /18
systems
! poasga (3 Lyons (8)
0 2000 4000 6000 8000 10000 0 200 400 600 800 1000
] S B R 3000——=90 400 600 800
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5‘20:
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FINAL CONDITIONS
MDM, MDM, R245fa MDM, MDM, R245fa
Py, (bar) 50 50 50 P, (bar) 0012 0012 251
Ty, () 315 3114 176.5 T, (°C) 40 40 40
pro (kg/m?) 3729 3640 498.2 P, (bar) 25 10 37
G () 125000 25000 10000 € () 1000 1500 2000
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Simulation results: test

l R245fu (s)

13/18

b5 10 15 20 25 30 1
, R245fa - MDM,
45 I\/IDI\/Il 0.8F
‘%\ 40 F -§0.6 2
< :
- N
o351 % 0.4
30 — 0.2F
T N S 0(; >4 6 8§ 10 1z 14
Lun (3) t(s)
FINAL CONDITIONS
MDM, MDM, R245fa
Pr, (bar) 25 17.7 37
Ty, (O 308 302.5 158.1
Pry (bar) 2.27 4.44 8.33
Ty (°C) 275 277 104.8
Pr¢ (bar) 25 10 37
My, (kg 75 149 156
t.. (s) 12 93 28.6
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Simulation results: nozzle regimes 14/18

L d . .
umped parameter Quasi 1-D steady calculation

dynamic simulation — Modelica .
at different P,

Different regimes in time Different regimes in space
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— Construction of the TROVA
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— Conclusions
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Conclusions 16/ 18

* Experimental investigation on typical ORC turbine expansions

—» flow caracterization — code validations
*  Measurements in industrial ORC turbines: limits — needs of calibrated probes
* TROVA: bolw-down — phase transition facility
* Design & simulation - performance of proposed investigation
* Construction

* Conceived for ORC fluids/applications — other applications in real gases

—» real gases calibration tunnel
Developments

e Control + DAQ software

¢ Commissioning - TEST
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