EXPLORING THE DESIGN SPACE OF THE
5SCO2 POWER CYCLE COMPRESSOR

B. Monge, D. Sanchez, T. Sanchez M. Savill, P Pilidis
Dep. Energy Engineering Dep. Power and Propulsion

University of Seville (Spain) Cranfield University (UK)

(J ra ?zfll: Ej\[ﬁiu TY




0. CONTENTS

O FLOW DIAGRAM OF PRESENTATION

DESIGN SPACE
EXPLORATION

Intro

MODEL OF
INTRODUCTION PERFORMANCE Base Case CONCLUSIONS

Boundaries

Results



1. INTRODUCTION

Q REVIEW OF PAST WORK

= The Thermal Power Group at the University of Seville and the Department of Power & Propulsion at
Cranfield University have researched the performance of sCO2 diffusers during the last five years
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1. INTRODUCTION

Q REVIEW OF PAST WORK

= The Thermal Power Group at the University of Seville and the Department of Power & Propulsion at
Cranfield University have researched the performance of sCO2 diffusers during the last five years

= Objectives:
= Main:

To understand the differential features of sCO2 & air in typical operating conditions of the
corresponding Brayton cycles = influence on design/performance

= Secondary:

To develop the modeling tools and to gain confidence in their application to design processes
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1. INTRODUCTION

Q REVIEW OF PAST WORK

= The Thermal Power Group at the University of Seville and the Department of Power & Propulsion at
Cranfield University have researched the performance of sCO2 diffusers during the last five years

= Results available in the public domain

= B Monje et al., Comparing the pressure rise of air and supercritical carbon dioxide in conical diffusers, Paper
GT2012-69895, Turbo Expo 2012, Copenhagen

= A Ldpez et al, Effect of turbulence intenstity and flow distortion on the performance of conical diffusers
operating on supercritical carbon dioxide, Paper GT2013-94009, Turbo Expo 2013, San Antonio

= B Monje et al., Aerodynamic analysis fo conical diffusers operating with air and supercritical carbon dioxide,
International Journal of Heat and Fluid Flow 44 (2013) 542-553



1. INTRODUCTION

Q REVIEW OF PAST WORK

= The Thermal Power Group at the University of Seville and the Department of Power & Propulsion at
Cranfield University have researched the performance of sCO2 diffusers during the last five years

= Second step: development of a 1D & 3D parallel analysis



1. INTRODUCTION

Q REVIEW OF PAST WORK (1D & 3D parallel analysis)

STEP 1 Diffusers: Air vs. S-CO2 2D CFD ——> (ANSYS Fluent®)

STEP 2 (Radial) Compressor: Air vs. S-CO2

0) TBD: Is the standard design practice valid for S-CO,?
STEP 3 Experimental validation of diffusers

Impeller + Diffuser
- IMatI'.abI ®|'_) 1DE | ANSYS Fluent® > 3D
STEP 4 Experime \L pressors

Draft design

VS, 3D design
(not optimized)

1) Validation and/or comparison == Design guidelines/correlations still valid?

2) If not, how do they change?

2.1) How far from expected efficiency?

2.2) New design guidelines (hopefully) developed



1. MODEL OF PERFORMANCE (1D)

O 1D MODEL: based on conservation laws and empirical correlations
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1. MODEL OF PERFORMANCE (1D)

VOLUTE
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2. DESIGN SPACE EXPLORATION - INTRO

Q STEPWISE APPROACH TO COMPRESSOR DESIGN

= Accuracy of 1D model already confirmed
m  Parallel 1D-3D simulations confirm existence of local flow features to be taken into account

Next step: assessing the influence of main design parameters = DESIGN SPACE EXPLORATION

= Exploring the Design Space allows for comprehensive design decisions

Q OBJECTIVE

= Comprehensively evaluate trade-offs between opposing design decisions




2. DESIGN SPACE EXPLORATION - INTRO

Q0 PARAMETERS STUDIED - STANDARD

= Flow coefficient = |oad coefficient = Degree of reaction
v Ah h, —h
Uy uz Ah'O

O PARAMETERS STUDIED — SPECIFIC TO sCO2

= Compressibility factor » Acceleration Margin to Condensation (AMC) 40
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3. DESIGN SPACE EXPLORATION — BASE CASE

O REFERENCE CSP APPLICATION — Recuperative (non-condensing) Brayton cycle

= Qutput @ generator terminals: 10 MWe
m  Compressor inlet: 40°C & 75 bar
= Mass flow rate: 73 kg/s

= Total pressure ratio: 3.33

0 MODELING ASSUMPTIONS

= [sentropic efficiency of compressor/turbine (guess): 80 / 90%

= Recuperator effectiveness: 95%
= Pressure drop in the hot/cold side of the recuperator: 1.5 / 0.5%
m  Pressure drop in the heater: 2.0%

m  Pressure drop in the cooler: 1.0%



3. DESIGN SPACE EXPLORATION — BASE CASE

0 COMPRESSOR DESIGN ASSUMPTIONS

= Isentropic inlet flow with no-swirl: purely axial flow with no blockage

= Incidence angle at impeller inlet: 0°

= Inlet hub radius (guess): 25 mm (double-checked for mechanical integrity)
= Constant meridional velocity

= Splitter to full blade length ratio: 0.5

= Number of splitter/full blades based on loading coefficient

2Aw 27TD2U.217u2
<09 Aw =
wy + w; ZpgLpp + ZspLsp




4. DESIGN SPACE EXPLORATION = BOUNDARIES

O BOUNDARIES OF THE DESIGN SPACE

= SUPERSONIC FLOW: = OPERATION IN THE TWO-PHASE REGION:
W1
s N, .
& I —— =
. £ 320
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) A
] 0 1m0 400 Emé:?[.ukg-lqm 2m
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5. DESIGN SPACE EXPLORATION — RESULTS

Highly distorted flow (B=0.3) because
of high blade aspect ratio, b,../Ls

1.2
O GENERAL FEATURES AND OBSERVATIONS
11+ —
= Specific speed Ns=0.3: 1 |
= General pattern as expected
— 09} .
= Forward-swept blades rise ¢ and ¥ simultaneously... ‘—';'_
: e . . W o8l 4
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5. DESIGN SPACE EXPLORATION — RESULTS

Highly distorted flow (B=0.3) because

of high blade aspect ratio, b,../Ls
12

O GENERAL FEATURES AND OBSERVATIONS

11

= Effect of B, on the main design parameters

=
w
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5. DESIGN SPACE EXPLORATION — RESULTS

O GENERAL FEATURES AND OBSERVATIONS

= Effect of B, on the main design parameters

W =uy(uy + cpptan fy)
1
Ahgir= > (uz + ¢y tan B)?

Ahimp= (u% - C?Z tan? .82)2

2

1 Cra
R = 5(1 —u—ztanﬁz)

= Similarity with an ideal compressor

_ Ux1 _ Ahygs _hy—hy W

Highly distorted flow (B=0.3) because
of high blade aspect ratio, b,../Ls
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5. DESIGN SPACE EXPLORATION — RESULTS

Highly distorted flow (B=0.3) because

of high blade aspect ratlo, bou/Ls
12

O SPACE BOUNDARIES

11

= |ow flow and high head: pseudo-surge due to
high aspect ratio b, /Lg

=
w

= |ow flow and low head: two-phase region

b
=5

= High flow and high head: two-phase region

Condensation limit

= |Low to mid flow and low head: low efficiency
due to aerodynamic (friction) losses

=
b

Head coefficient, y [-]

05
Highly distorted flow (B=0.3) because

Condensation| n-o: ~=~" of high friction losses (high rel. vel.)

limit g 4f |
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‘\ 0.3 .
s
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5. DESIGN SPACE EXPLORATION — RESULTS

Highly distorted flow (B=0.3) because

of high blade aspect ratio, by,/Ls
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5. DESIGN SPACE EXPLORATION — RESULTS

O Nsincreased to 0.7

= Map largely reduced

= High and low two-phase flow limits more
restrictive = higher flow velocity...

= _boundaries due to two-phase flow region
more restrictive than flow distortion (pseudo-
surge) = not the case at low Ns

= Forward swept blades not an option

= Peak efficiency at higher ¢ but similar R and
B
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= Asexpected, general pattern of design space similar to similar turbomachinery for standard applications (for instance,
influence of swept angle on efficiency and degree of reaction)

= Vicinity of critical point sets more restrictive boundaries.
= [ow flow coefficient = blade aspect ratio too low

= High flow coefficient > risk to enter saturation dome (irrelevant in small loops but to be explored in large
applications)

= Best performance found for specific speeds somewhat lower than Balje’s (Ny~0.4)

= Best performance found for the expected flow coefficients (¢, ,,~0.1) except for higher specific speed (N = 0.6)

NEXT STEPS

= So far only impeller performance explored = next step to incorporate diffuser

= Breakdown of losses in off-design operation to elucidate best design recommendations
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