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Background - S-CO, Power cycle

Steam Rankine Cycle

Working fluid : Water
Negligible pumping work
Very large expansion ratio

Air Brayton Cycle

Working fluid : Air
Comp. vs Turb. work ratio is high
Compact turbomachinery

S-CO, Brayton Cycle

Working fluid : CO,
Reduced compression work
Compact turbomachinery

Large turbine and system size » No phase change over the cycle » Low expansion ratio with recuperation
Phase change over the cycle « High heat source temperature * No phase change over the cycle
Relatively low heat source temp * Not only for power plant but also » Wide range of heat source temp

for propulsion application « Relatively high heat sink temp

Steam Rankine Cycle Air Brayton Cycle S-CO, Brayton Cycle
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® Comparison
® Rankine efficiency is 33%
® Supercritical CO, (sCO, ) has
potential to surpass 40%
efficiency
® Greatly reduced cost for sCO,
compared to the cost of

conventional steam Rankine
cycle are possible

® sCO, compact turbo
machinery is easily scalable
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20 meter Steam Turbine (300 MWe)
(Rankine Cycle)

1 meter sCO, (300 MWe)
(Brayton Cycle)

Fig. Size comparison between steam and S-CO, cycle



Background - S-CO, Power cycle
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« S-CO, power cycle is a variation of Brayton cycle Fig. Applications of S-CO, power cycle
« Operates above the critical point

« Why supercritical ‘CO,’ cycle? =» Relatively moderate critical point (T, P.)

« Drastic fluid property changes near the critical point

« Favorable fluid property in the critical region

- Liquid like high density but low viscosity, large specific heat(C,)
- Reduced compressibility near the critical point = reduced compression work

« Applicability for various heat source over wide range of source temperatures
; nhuclear reactor, concentrated solar power (CSP), clean fossil fuel, waste heat recovery

- High efficiency, compact and simple layout




Background - Off-design Performance Prediction

Pressure ratio
Efficiency [%]

Corrected mass flow rate (kg/s) Corrected mass flow rate (kg/s)

Fig. Compressor performance map example for a fixed inlet condition

Compressor off-design operation - [m] * [rpm] * [T,,] * [P,,]; n* calculation
Impractical to calculate all cases according to the off-design operation variables
Thus, the similarity correction method has been used for a conventional air compressor

[m] * [rpm] * EL[Tin] * [Pyl > simplified to ‘corrected mass flow rate’ & ‘corrected rpm’

T | Effect of T, P;, variation into mass flow rate, rpm

Compressor performance map = compressor performance [PR] or [Eff] vs. [m] * [rpm]




Literature Review

Dimensional analysis and derivation

* Ideal gas model (IG)
e Thinking compressor as a function, fn (D, N, m, P, , T, , R, y)=P_ ., AH, T_,

n’

Applying dimensional analysis (Buckingham Pi theorem) with the ideal gas assumption,

1 : _ = = _1 i
(MY YRT,, _ ND ) _ Py _AH T ne Ty isen =Ti0 _ (P /PIM)¥Y~D/¥—1
I _Pfxl.)_in___,_N_XB_Tin_i Pin ’ YRTin ’ Tin Tout —Tin (Tout/Tin) —1

Dimensionless mass flow rate and rpm

As far as same compressor is used, D can be neglected

. mw/yRTin . m«/)/RTin

Flow parameter : [1; = P Head parameter : [I; = P Efficiency parameter : [Is = n
Nln 1n
Speed parameter : [1, = ART Pressure parameter : [I, = PR

Same I1;, IT, = should have same compressor performance (I3, I1,, I1s)

. (m yRTin) B (m yRTin)
yPin ref yPin off

m,/YRT, VYRT,
2>m,  =m., = (—Y ‘“) / (—y ‘“) ; corrected mass flow rate
P YP.
Y in off n ref
VYRT, ref VYRT,, off

z

= N.,=N

cor

N
/ ( ) ; corrected rpm
i <V YRTin)off VYRT o/ et P




Literature Review

Description of previously developed models

' = A
Z correction n, correction .
Critical condition Critical condition
correction correction
CESIEIN | —— BINI
Z correction
Fig. Summary of model development
Flow Speed Head Pressure Efficiency
parameter parameter parameter parameter Parameter
G 1, /yRT N AH
yP YRT YRT
1GZ m,/yZRT N AH
yP JYZRT YZRT
Glassman | MWYRTcr N AH PR n
YPr YRT; YRT,
BNI m /yZRT,, N AH
YPer JYZRT,, YZRT,,
CEA m,/n,ZRT N AH
n,P JnsZRT nyZRT
Table. Summary of similitude parameters
7

IG model assumes the ideal gas law
However, real gas effect should be considered
Compressibility factor was reflected in IGZ model

Glassman and BNI models adopted analogy of
critical condition from IG and IGZ models

Per _( 2 )Y/(Y—l) Ter _( 2 )
Pt o Y+1 Tt _ Y+1

CEA model replaced specific heat ratio with
isentropic exponent, which is more generalized
parameters for real gas

pvY = const = pv" = const

Br=—1(Z) =1-1(%)
T v \dp/r p Z\dp/p



Analysis Tool - KAIST-TMD
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Inpeller, outles

KAIST-TMD is 1D mean streamline code for design and performance evaluation

o

Loss model set for S-CO, compressors was selected, based on air condition : L R A i

Definition based total to static conversion is applied,
because of highly non-linear behavior near the critical point of S-CO,
The code was validated against experiments (SCIEL, SNL)

5

Continuity equation

Fig. Mechanism of enthalpy loss model
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Fig. KAIST-TMD main algorithm

Fig. KAIST-TMD loss models




Reference

P,o=7.9MPa

10ff-data
1

1
:
|
| T36°C
1
1
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To=25-60°C
P,4=5.8-19.8MPa
I

Similitude Model Evaluation Method

Error quantification and visualization

MAPE (mean absolute percent error)

_______________________________________________ = % * I| A;‘_F‘ |, A:Real value, F:Estimation
I 1 I . .
m,. rpm, I 1 Moy TPMpy I Same 11, rpm
nd il : . U M e they should be the same
i1 TeF36°C [ Design point 4
! p,_=7.9MPa ' . @i _
o L | pg| Te3E°CPa7OMPa 7 /1, Generate reference performance data with
e e o] | or | Corrected | ' respect to mass flow rates and rpms (Designed T, P)
Mo PMow | | Correctedoff-data (=i ""] {:rp(no*:'o,} | ft off-data |~
— — - ' . =Mhrep e 1 ' )
E : ,T,‘°"°”f§69,f,,p ' or : 2. Prescribe T & & P« range, and choose one
|1 e TS ' AH N/ similitude model
L J L J o I i Reference
: i I S i ' data . . .
g g a hrrrc e s cc e c e e e e e e e e .- - - --- I i -
Correction Mapping : 3. Select one off-design operating condition, and
mass flow rate calculate its performance

Enthalpy rise [J/kg]

x10*

Fig. Flow chart of prediction error quantification procedure
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4. Convert the off-design performance into
corrected performance with the selected model
(One to one matching of mass flow rate and rpm)

5. The performance of reference data and corrected
data should be the same. The discrepancy
between the two data sets are quantified as
mean absolute percent error (MAPE)

A¢—Fy
At

MAPE = -2+ ¥ , A, : Real value, F, : Estimation

6. Repeat the same procedure for other off-design
conditions and similitude models

Due to the lack of available data, KAIST-TMD was
used to produce the compressor performance data

g Fig. Example of error contour and comparison between reference and corrected performance data




S$-CO, Compressor Results

Compressor desigh summary and studied range

Design point (Comp1)
T,,(°C) 36.1 | p(kg/m?3) 3294
P../P...(MPa) 7.9/20 |y 9
m(kg/s) 1292 | Z 0.41
rpm(rev/min) 15000 | n 1.54
Efficiency(%) 78.7
Design point (Comp?2)
T,,(°C) 51 | p(kg/m?3) 276.7
P;./P...(MPa) 9/20 |y 36
m(kg/s) 1292 | Z 0.53
rpm(rev/min) 15000 | ng 1.49
Efficiency(%) 73.8
Design point (Comp3)
T, (°C) 41 | p(kg/m3) 767.3
P;./P,.:(MPa) 14.6/25 | y 29
m(kg/s) 1292 | Z 0.32
rpm(rev/min) 15000 | ng 8.9
Efficiency(%) 82
Min Max | Resolution
T(°C) 25 60 36
P(MPa) 5.8 19.8 29
m(kg/s) 775 142.1 8
rpm(rev/min) 13500 | 16500 5
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Compl, 2, 3 were designed near the critical point, in the gas-
like and liquid-like supercritical regions, respectively

Thermodynamic properties show dramatic changes over the
studied region




S$-CO, Compressor Results

Average prediction errors

PR MAPE [%]

Compi Comp2 | Comp3 | ° In contrast to air compressor results, enthalpy rise and pressure
IG 4120 30 1 245 ratio prediction errors show different accuracies
IGZ 43.9 21.5 18.0
Glassman 18.0 193 145 | * Enthalpy rise and pressure ratio are interchangeable expression
BNI 18.0 11.2 5 g of performance indicator, but their performance predictions do
CEA 119.5 100 1 510 not accord with interchangeable character

Table. Pressure ratio average prediction error [%]

AH MAPE [%]

 Enthalpy rise prediction outperforms pressure ratio prediction,

Comp1 | Comp2 | Comp3 and the accuracy of CEA model is comparable to air cases
IG 8.2 2.2 12.7 L o _ _
IGZ 76 38 36| ° Efficiency predictions show little differences between the models
Glassman 33 15 125 (Comp1, Comp2)
BNI 3.5 3.5 30| . Effici dicii S
i| CEA 10 046 017 : iciency predictions of Comp3 show less than 5% errors

Table. Enthalpy rise average prediction error [%]

Eff MAPE [%] , - A
Compl1 Comp2 | Comp3 | €} S 1GZ m CEA
IG 8.2 17.0 4.2
IGZ 83 16.2 18 o
Glassman 7.5 14.9 3.8 correstion o" \g'rtr'::::r:nd't'o"
BNI 7.2 16.6 1.6
CEA 7.8 120 049 |
Table. Efficiency average prediction error [%] Glassman m > J
11 Fig. Summary of model development



Pressure Ratio / Enthalpy Rise

Derived PR MAPE PR MAPE
Comp1 Comp2 Comp3 Comp1 Comp?2 Comp3
IG 5.8 14 5.5 IG 41.2 30.1 24.5
1GZ 55 2.5 1.6 IGZ 43.9 21.5 18.0
Glassman 2.3 1.0 54 Glassman 18.0 19.3 14.5
BNI 2.5 24 1.3 BNI 18.0 11.2 5.9
CEA 0.72 0.30 0.076 CEA 119.5 100.1 21.0

Table. Derived pressure ratio average prediction error [%]

Similitude for AH Similitude for PR

Table. Pressure ratio average prediction error [%o]

In case of ideal gas

Tout _ (@)(Y—l)/v Co = YR

(A—H) = (A—H) l)Rcor = PRoff Tin  \Pin r~p = vy-1
YRT/ cor YRT/ o ¢ /X .
Tou Pou
AH e AH = Houe — Hin = Cp(Tout = Tin) = CpTin (32— 1) = LR, ((Pm‘) - 1)
AHeor = (YRT)cor m //
°ff ” Not the same M1 [P\ ¥-D/Y
Houtisen = Hin + AHco;// YRT;p = -1 (P_m) — 1| = fn(Poyt/Pin)

Pout = fn(Sip, Hogt;i’sgn)
/
PR = P,y /P

« Enthalpy rise and pressure ratio are interchangeable expression, but their similitude
are not the same

« The property changes S-CO, make it hard to relate these two similitudes
« Overall, enthalpy rise predictions have better accuracy than pressure ratio predictions

« At this point, CEA model is the best model to predict enthalpy rise
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MAPE [%] « Besides average errors, maximum errors needs to be

Comp1 Comp2 Comp3 checked
Max 415 12.8 57.2
Min 0.41 0.032 0.08
Max 10.6 6.0 13.7
Min 0.06 0.014 0.009

Max 18.3 6.7 521 | < The models tend to work well in the region where a

i 0.19 0.011 0.05 compressor is designed after the corrections
Max 6.10 6.2 11.2

Min _ | 0038 0.009 | _ _0.016 . .
Max 3.66 17 24| * CEA model shows sufficient maximum error as well
Min 0.027 0.002 0.002

" Table. Summary of max and min of prediction error [%] E nt h al py R i s e Pr e d i c ti o n

Enthalpy rise prediction

IG

« Each models has different shapes of error distribution
1IGZ

Glassman

BNI

CEA




IGZ Eff MAPE IG Eff MAPE IGZ Eff MAPE

IGZ Eff MAPE

104
Liqud | Suptreritiodal
region | region

%10%
Tiqud | Suplrcriticdal
region | region

% 10*
Tiquid | Suplrcriicdal

region| region.
8

20

ff MAPE
Tiquid | Supurcr
region | region

5
)
)

25
25 30 35 40 45 50 55 60

F T © @ ‘T ‘@
N 15 o 16 15 % % 1.6 % 1 % 16
= = y 25 . 5 g 5 @ 5
) o f= < 14 =1 = 14
g L 3 2 2 2
2 10 2 w0l 8 2 2., B 4 2., 4
i} O 12 2 @ IS <
=4 g = 15 a 15 ° & 3 a 3
o — @ @ 1 k) T 1
o} D 1 psepdo-critcal line N k] 10 H r w0 € 2 = 2
c c 5 = = = =
0.8 5 0e 5 08 1 o8 1
Gas
0 0.6 region o = 0 0.6 0 08 0 06 0
25 30 35 40 a5 50 55 50 25 30 35 40 45 50 55 60 | 25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60 | 25
o, o o o,
Inlet temperature [°C] Inlet temperature [°C] Inlet temperature ["C] Inlet temperature [°C] Inlet temperature [°C] Inlet temperature [°C]
0/ i ctriv 1t
¢ Classman Eff MAPE w  BNIEFfMAPE 1+ Glassman Eff MAPE " Lt BNIEffMAPE " 10t Glassman Eff MAPE . . BNI Eff MAPE [%] distribution \
- 20 5 20 Liquid | Supureriticdal Liquid | Supurcriticdal
e Ll region | region region | region
4.5 | egon| region 35 18 35 7 18 7
_, — = ‘@ ‘@ T T
3 o Nl M ook o E ’ g ’
<, = 0 3 2 > S b >
= o 14 14
g E 2 2 2 03 ’ 2 .
2 10 a o3 812 8 RES
2 g2 5 15 5 s & 3 a 3
oy ey ) B " ko) B 1 e
5] b . k3] I w0 = 0z 2 = 2
[= o [= & - - - -
= = | o . | , o :
0 0.6 mEpon 0 0 06 o
0 o 25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
25 30 35 40 a5 50 55 60 25 30 35 40 45 50 55 60 DC UC o o
Inlet temperature Inlet temperature Inlet temperature [°C] Inlet temperature [°C
Inlet temperature [°C] Inlet temperature [°C] P el P el P ra P ra
CEA Eff MAPE .0+ CEAEff MAPE .t CEAEff MAPE
L 20 Sipurcrfficdal S 4 ' Tiqud | Supurgiredal 8
Uiquid | Supbrcritiodal & rdlgion . region| region
s \Egﬂ region 18 0 35 ; 18 7
o ' = ]
—_ 0o 30 | © 6
5 16 q” o 16
g 16 15 | 3 =] , | =
X, @ o s . K 5
= 14 = 14
@ =3 :jj o
5 14 2 ° 20 3 4
2 1o o1z ° - 1 B2
? 2 = I
@12 g g 15 15 3
o o 1 = Zrseudo-crical ne o 1
T 1 L = - ® 10 N 2
c ° 0.6 1 “os
08 e 1
06 region o 06 o
08 region 30 35 40 a5 50 55 60
] ]

Inlet temperature [°C] Inlet temperature [°C]

Inlet temperature [°C]

MAPE [%] « Efficiency predictions have larger errors than enthalpy
Comp1 Comp2 Comp3 rise predictions
Max 412 594 283

Min 0.78 0.082 0.018 .
° 0,
VI T 0] 577 CEA model has about 10% average errors in Comp1

s Min 055 0.082 0.003 and Comp2, but 16.6%, 27.5% maximum errors are

Max 46.6 56.8 26.0 observed locally
Min 0.40 0.16 0.038

Max 18.7 480 8.9
BNI = 5069 = soos1 *© Although CEA model has a good performance to

Max 16.6 27.5 2.0 predict enthalpy rise, efficiency prediction needs to be
Min 0.092 0.011 0.003 improved
Table. Summary of max and min of prediction error [%] E

” fficiency Prediction

Efficiency prediction

IG

Glassman

CEA




Inlet pressure [kPa]

Global error

Off-design Prediction Model Improvement

-10¢ Eff MAPE modified CEA

¢  Eff MAPE CEA
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Density distribution
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There are researches which tried to improve efficiency prediction

il n
Glassman, - LLL (E) . n=0.1~0.2 : Re effect correction

-NB Rep

n
Roberts, 17ma _ (Lﬂ) , n=0.8 ; y effect correction
B

1-ng

20 7 50 7
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Maximum error
N
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Fig. Global and maximum error variation according to exponent n
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p"“) , =7 ; Density effect correction

MAPE Average error Maximum error
Prediction | Enthalpy rise Efficiency Enthalpy rise Efficiency
CEA CEA
Modified Modified
(Modified CEA (Modified CEA
CEA CEA
CEA) CEA)
Comp1 1.0 7.6 16 3.7 16.6 5.0
Comp2 0.45 12.0 2.18 1.7 27.5 5.8
Val1 0.56 9.7 1.88 2.1 22.2 4.9
Val2 0.44 10.6 1.88 1.5 227 52
Val3 0.61 11.6 242 2.6 27.8 7.0
Val4 0.50 8.0 2.66 1.2 15.6 6.3




Summary & Conclusion

To predict off-design performance of compressor, the concept of “corrected mass flow rate
and rpm” has been used for an air compressor. However, the validity of such methods
needs to be evaluated for an S-CO, compressor

Five existing correction models were collected from the open literatures, the average and
maximum prediction errors were evaluated according to the established error
quantification and visualization procedure

In contrast to an air compressor, it is recommended to use enthalpy rise for similitude
models, because constant property assumption does not work in S-CO,

The similitude tends to work well in the region where a compressor is designed, which
means the compressor designed in the gas-like supercritical region has high prediction
accuracy in the gas-like region and vice versa

CEA model is the most suitable model for an S-CO, compressor. However, its efficiency
prediction error needs to be refined because of the large maximum errors, especially in
case of a compressor designed in the gas-like supercritical region, but operating in the
liquid-like region

Therefore, Modified CEA model was proposed to improve efficiency prediction
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