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1. Introduction

Recently, there is a growing interest in distribytedver.
This change in demand for distributed power souhzes
led to the miniaturization of nuclear power plamikjch are
mainly for large-scale base loads. As a resultctimeept of
a small modular reactor (SMR) has been proposed.

However, the steam cycle used in the conventional
nuclear power plant is not suitable for the minigtion of
the power plant because of large sized components.
Therefore, the use of sG@upercritical carbon dioxide)
instead of steam as the working fluid attracts matténtion.
The sCQ cycle has a higher efficiency than the steam cycle
at moderate temperature, and the s@€ar the critical point
behaves in an incompressible fluid, so the workiregufor
compression is drastically reduced [1]. In additis€Q
cycle operates at pressures above the criticat,peoi thus
has a high density, thereby reducing the size & th
turbomachinery. Therefore, KAIST researchers dewop
the KAIST-MMR by combining the concepts of SMR and
the sCQ power cycle [2]. The KAIST-MMR can be
transported to remote regions by truck or ship, thias
the advantage of reducing cost for on-site constmic
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compressor of KAIST-MMR and the design points are as
follows. The performance map’s range of the RPM5st0
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Fig. 1. Concept of KAIST-MMR [2]

The components of KAIST-MMR were designed at the
conceptual stage and modeled using modified GAMMA +

Tablel. Design points of the KAIST-MMR turbomachiner

2.2 Extended mass flow rate and actual work

To obtain the data of the mass fl

low rate and actwak

code for load following and accident situations [3]. Of the extended performance map, the authors selehe
However, in the case of start-up modeling, where the modified similarity law of the pumps proposed by ®ex

rotation speed of the turbomachinery rises front zeeo to
the nominal state, it is rarely performed due ®uhsteady
nature at low rotational speeds [4].

Therefore, in order to model the start-up of KAIBIMR,
the performance map of the turbomachinery at low ipm

[4]. He modified the exponent of th

of the similarity law of the pump to

compressibility effects of gas.

e dimensionlessher
reflect the

Egs. (1) - (4) were used for the modified similaféw of

the pumps, where: is mass flow

rateN is rpm, W is

needed. To solve this problem, in this paper, a new actual work and subscript ‘lowest, 1 and 2’ mearldhsst

extension method of sG@urbomachinery map at low rpm
was developed.

2. Performance map extended method
2.1 Target system
In this study, pre-generated off-design performanegs of

the compressor and turbine of KAIST-MMR were extehde
to the low rpm region. The performance map of tugl@ind

and second lowest value.

mlowest,l _ <Nlowest,1> (1)
mlowest,z Nlowest,z
Wlowest,l _ (Nlowest,1>3 (2)
VVlowest,Z Nlowest,z
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= , = N
Wlowest,z Nlowest,z ln( lowest,l)

Niowest,2

one value must be predicted. In this study, thereed
efficiency was estimated to find an extended pressatio
because extended efficiency set at the low rpmstemdhe
similar to the original efficiency set at the lowgstn. As a
result of drawing the efficiency of the same positid each
rpom in the efficiency map of the conventional MMR
turbomachinery, it is confirmed that the followimgrids are

The extended mass flow rate and the actual work wereshown.

obtained using the modified pump's similarity lawt b
mostly applied to air conditions. Therefore, a new

turbomachinery performance map extension methotl tha

can reflect the characteristics of sCO2 was required.

To solve this problem, Oh et al. proposed a new

turbomachinery map extension method consideringgiso
heat capacity of sCO2 which changes rapidly during

compression and expansion [5]. However, Oh's method

does not consider that the enthalpy and internatggnof
real gas are not a function of temperature alone.

Therefore, the new map extended method use
isentropic relations of real gas as follows usirgnisopic
exponents presented by Baktadjiev for calculatimgstCQ
properties [6]. He proposed a new relation considetiat
the compressibility coefficient of real gas is rander
constant and that enthalpy and internal energyeaf gas
are not a function of temperature alone.

14 (n, — Dyt
+ (ng — ns—1 (5)
Tour = Tin X < 2Mach? )
1 ( 1) _Ds
+ (ng — ns—1 (6)
Four = Pin < 2Mach? )
- — Y18
05 = BpP ms = ¥ BpT (7

WhereT is temperature? is pressurey is ratio of specific
heat, B, is isobaric compressibilityBr is isothermal
compressibilityMach is Mach number and subscript ‘in’
and ‘out’ means inlet and outlet of the turbomaehjn

2.3 Use of trends in turbomachinery maps

The outlet pressure of the se@rbomachinery can be
calculated from REFPROP by inputting the inlet epyro
and the ideal outlet enthalpy outlet as shown inufeg.
The REFPROP is transport properties datali@seloped
by National Institute of Standards and Technologhs(y

[7].

< For turbine >

h — Wextactual
idealout = Nin +—————, Sin
MexeNext

<For compressor >

< For turbine >

pi n

Prturb,ext = P
extout
<For compressor >

» REFPROP »
Wext,actuatNext
Nigealout = Nin + ——————, Sin
Mexe

P _ pext,out
Teomp,ext = P
1

Fig 4. Calculation of extended pressure ratio
REFPROP and properties

using

To obtain the ideal outlet enthalpy in Figure 4e th
extended efficiency of the turbomachinery is reedir
Because both pressure ratio and efficiency are amkn
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Fig 5. Efficiency trend for the same position ofleapm on
the turbomachinery efficiency map
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Therefore, the extended efficiency is defined usimng
lowest rpm efficiency sets and the second lowest rpm
efficiency sets as follows whergis efficiency,N is rpm
and subscript ‘ext’ means extended value. However, th
extended efficiency and pressure ratios estimasatyithe
map's trend are not exact values and need to bected in
the next step.

Niowest,1 ~ Next

Text = Miests = (Miowests = Migwesns) X ) ®

Niowest,2~ Niowest,1

2.4 Corrected extended efficiency and pressureratio

In order to obtain the extended efficiency and gues
ratio, the extended pressure ratio obtained bedackthe
isentropic equation proposed by Baltadjiev and REBP
were used. The detailed algorithm is shown in Figur€o
obtain accurate results from the isentropic equatieal-
time temperature and pressure of the turbomachiaezy
needed. However, since this is impossible, the geera
values were used using the properties of the imietoatlet
turbomachinery.

The average pressure and the average temperatuge wer
calculated using the algorithm in Figure 6. As allegn
extended efficiency and pressure ratio were obtained
considering the average temperature and pressure.
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2.5 Extended turbomachinery map

2.6 Compare with KAIST-TMD extended performance map

Each turbomachinery map was drawn using the extended

pressure ratio and efficiency for each rpm lowentttze The KAIST TurboMachinery Design (KAIST TMD)
OI’IgIﬂ?J line. The extended performance map’s reofgbe code which can estimate the performance of
RPMis 0.1t00.4. turbomachinery at design and off-design point was

developed by the KAIST research team. The KAIST TMD

Pressure ratio
w » (5] (2]

N

‘ code designs turbomachines using the following mass
—Crighaline conservation equations and Euler equations baséueoh

D mean line analysis [8]. Whepeis density, A is flow area,
V is flow velocity, U is impeller tip speed and subgtto’
x and ‘st’ mean stagnation and static condition.
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Fig. 7. Extended and original compressor presaii@ map

of MMR

Ahpyrpine = oz — hor = UpVgy — UiVpq (10)

Efficiency

, However, since the actual work of turbomachinery was

not produced through the isentropic process, ap@tep

losses must be considered for each turbomachitmeoyder

to consider the exact losses, it is necessarylidatead by
| comparing the turbomachinery experimental perforcean

A 1 data and the results calculated by selecting the foodel

T S set suitable for each turbomachinery.
Corrected massflow rate Therefore, KAIST-TMD code was validated using

Fig. 8. Extended and original compressor efficiemap of  experimental data considering various loss moaelsatlial

MMR

turbines and compressors [9, 10] which was used irRMM
To ensure the validity of the results of the new map
extension method, the turbomachinery performangesrat
the low rpm drawn by KAIST-TMD were compared with
those of the new extended method presented in dpisrp



Transactions of the Korean Nuclear Society Autumn Meeting
Goyang, Korea, October 24-25, 2019

=)
©

Efficiency
e o
o o3 S} ®
N a w &

o
=)
3l

—Extended line
|——KAIST-TMD line

70

o
o

30 40 50 60
Corrected massflow rate

Fig. 11. Comparison of TMD results with extended
turbine efficiency map of MMR
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Fig. 12. Comparison of TMD results with extended
turbine efficiency map of MMR
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Fig. 13. Comparison of TMD results with extended
turbine efficiency map of MMR
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Fig. 14. Comparison of TMD results with extended
turbine efficiency map of MMR
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As shown in Figs. 11 to 14, the results of the TMD and
the extension method developed in this study weré wel
matced. This means that the results of the new sixten
method at low rpm are reliable.

3. Conclusions

In this study, a method of extending the turbonmaethyi
map in the low rpm region, which is necessary for etiod
the start-up process of KAIST-MMR, was developed.

The first step in extending the map is to use tbdified
similarity law of the pump to find the extended méesv
rate and the actual work.

Second, the extended pressure ratio was obtained by
estimating the extended efficiency in consideratibrihe
trend of the existing MMR turbomachinery efficienmoap.
However, the estimated extended efficiency and pressu
ratio are similar to the actual extended value ibuhot
accurate and needs to be corrected.

Third, the corrected extended efficiency and pnessu
ratio were calculated using the Baktadjiev's isggitro
relation, which takes into account the charactedgstf
supercritical carbon dioxide, and the propertietaioied
before. The average property values of the turbbmac
inlet and outlet are used for accurate calculation.

Finally, to validate the extended map, the resofltthe
extended method developed in this study with thereded
map results of KAIST-TMD validated with experimental
data was compared. As a result, it was confirmedtlizae
is almost no difference between the extended map of
KAIST-TMD and the new extended map, which means that
the result of the new extension method is reliable.

In this study, the sCOturbomachinery map extension
method at low rpm is described. However, sCO
compressors are often used near the critical paitike the
design point of the target system in this study, RIM
Therefore, the extended method of sSCO2 compresapr m
at low rpm and near the critical point will be funtistudied
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