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SMAHTR Reactor Concept

m . Overall System Parameters
=T
o 1., Power [MW(t)/MW(e)] 125 / 50+
i t 1l o Primary Coolant LiF-BeF,
‘0 DRECS +—|:x Primary Pressure (atm) ~1
- Core Inlet Temperature (°C) 650
E Core Outlet Temperature (°C) 700
Core coolant flow rate (kg/s) 1020
I + Operational Heat Removal 3-50% loops
Passive Decay Heat Removal 3-50% loops
. Power Conversion Brayton
”f Reactor Vessel Penetrations None

3m «0.25m
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Design Goals of the SmMAHTR

Initial concept operating temperatures of
700°C with future evolution path to 850°C and
1000°C

Integral system architectures compatible with
remote operations

Passive decay heat removal

Truck transportable
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SMAHTR Power Conversion Options

100 MW(e) x 1 200 MW(e) x 1

20 MW(e) x 3 50 MW(e) x 1

Number of SmMAHTRs | 1 1 2 4
Number of Loops 1 3 6 12
Number of PCS 3 1 1 1

Power/PCS [MW(t)] | 42 | 125 | 250 | 500
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Efficiency Comparison
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Use by permission. then list reference

Steam becomes prohibitive at

higher temperatures

CO, may experience reaction

iIssues above 800°C with stainless

steel, but operation to 750°C is

thought possible.

S-CO, gets higher efficiency than

helium and gets good efficiency at

modest temperatures

Helium needs 200°C higher

temperatures and more

components to achieve the higher

efficiencies

= But you can make a decent

system with two compressors
and one turbine
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Turbo Machinery Size Comparison

Use by
permission.
then list
reference

Steam turbine: 55 stages / 250 MW
Mitsubishi Heavy IndustriesLtd, Japan (with casing)

Helium turbine: 17 stages / 333 MW (167 MW))
X.L.Yan, L.M. Lidsky (MIT) (without casing){3]

Supercritical CO, turbine: 4 stages / 450 MW (300 MW,)

- (without casing)

Fig. 1. Comparison of turbine sizes.

* In addition to increased thermal efficiency, S-CO,
cycle provide significant TM size reduction
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Complexity: Helium requires more components to get to higher efficiency
(120 MW example, 879°C, 3 shaft system, 48%)

Parameter Value
e Thermal Powsr (MW) 250
520, C 879.4 C ] Gross Power (Mie) 132.5
126. Tke/s 7.83 NP3 89,7 C Circulator Power (W) 2. 96
126. Tka/g 2.0 IPa Station Loads (MWe) 2.5
280 C Switch-yard loss 0. 6%
Svs. radiation loss(MWth) 0.5
HP Turbine ez | Het Power (MWe) 120.3
7 52.8 MW 26.1 M Net Efficiency 48.1%
Pressure Ratio 2.96
Turbine Poly. Effi. 92%
30 ¢ Intercoolsr 30 C Compressor Faly. Effi. Y0%
00 © 4,63 Mpg FR:0-88 6. 06 MPa NMechanical Losses 1%
dis % Total Nass Flow (ke/s)  126.7
Reactor 1
799.2 ¢ TIntercooler Hot considering cooling IHE, Turbines
6. 44 NiFa FD:0. 8%
/ Intercooler BT
PD: 0.8% R T
69.7T C L ¥ :
Intermediate 3.57 NPa I
— Heat — :
572.5 C | Exchanzer B :
7.29 WPa Effectiveness: 95§ LP Turbine LPC |
Prezsure Drop: |
125, dkz /= 1776 (hot side) — 52.8 MW 26.1 MW :
2% (cold side) 300 e : N
3.54 MPg 2.71 WPa | : 27 C
1
= 1988 C J ! :
7.499 NFa 719.0 C EE:] i : Inventory
509.2 C 126, Thg /' ! I Control
7.59 NPa : System
|
[ Precooler | :
Power PD: 0.8% :
Turbine Generator :
136.9 MW |
1
L _ 1
Vessel 96.1 C : 1
[~ Cooling | . = = 273 NPa 1 :
- Heat B11.0 C R [
| ] 433.9 C 275 R " ecuperator
Exchanzer 7.99 ¥Pa Effectiveness: 994
125. 4 ke/s Pressure Drop: 0. 8% (Hot side)
Pressure Drop: 0.13%(Cold =side) e
135 ¢ | | | | |
1.3 kg/s ‘ T 9.7 C
1.3 ks
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Heater

S-CO, Re-compression Cycle

5

Courtesy of Barber-Nichols Inc.
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Helium Power Conversion Options

Number of SMAHTRS 4 2 1
Number of loops 12 6 3
Power [MW(t)] 500 250 125
Net efficiency* 0.467 0.463 0.458

PCS power [MW(e)] 233.5 115.8 57.3

Number of PCS /1 1\ 1\

~GT-MHR ~PBMR ~Oberhausen
[l

When looking at Helium PCS options we have some direct history
* Assuming 650°C Turbine inlet temperature %OAK RIDGE NATIONAL LABORATORY
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~50 MW(e) Helium TM

(1 SMAHTR)

Oberhausen Il never made more
than 30 MW(e) due to design flaws
and had higher than expected
helium leakage, but it was a good
learning step.

Component size is not too bad.
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~ 120 MW(e) Helium PBMR

(2 SMAHTR’s)

* PBMR has looked at single and multiple shaft
configurations, horizontal and vertical shaft

configurations, and distributed and
integratEd PCS IaYOUtS. %OAKRIDGENATIONAL LLABORATORY

MANAGED BY UT-BATTELLE FOR THE DEPARTMENT OF ENERGY




University of California Berkeley — Department of Nuclear Engineering

PBMR Helium PCS

Leak-Tight Lead-Out

Radial Electromagnetic Bearing

Exciter
Radial Catcher Bearing
Radial Electromagnetic Bearing

Generator

Generator Rotor
Radial Electromaaqnetic Bearing

Radial Catcher Bearing

Coupling

PCU Vessel

Gas Cooler
Turbocompressor Rotor

Axial Electromagnetic

30380
28475

Axial Catcher Bearing

Radial Catcher Bearing

Radial Electromagnetic

Repair Seal

Buffer Seal

= Combined assemblies are
~30 m tall

= Recuperators and pre-
coolers are separate

Turbine

High Pressure Compressor
Radial Electromagnetic

Radial Catcher Bearing

Low Pressure

Radial Electromagnetic Bearing

Radial Catcher Bearing
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GT-MHR Helium PCS

(~ 4 SmAHTR’s)]
= Uses a single PCU with two
compressors and a single e
turbine v
= ¥ 6 MPa o i

= 34-meters tall

(1120 - . o 'r m R
= 8 meter diameter S e
= 250 MW(e)
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Supercritical CO, Turbo Machinery

Use by permission.
then list reference

300 MWe S-CO2 Layout (MIT/SNL) ~5 SmAHTRs

" 50 MWe S-CO2 Layout (MIT/SNL) ~1 SmAHTR
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PCU Comparison

Nitrogen

S-CO2

Size

Efficiency

Operating
Pressure

Technical
Maturity

Evolutionary
Limits

About same as S-CO, at
temperature limit, more

than helium at limit

6 MPa @ 275°C

mature

550°C

Larger diameter
than helium,
same length

3 MPa @ 900°C

Open cycle
mature

Chemistry ?

More stages,

Estimated 46% smaller
smaller blades,

than helium
large systems

Need 850°C and Fewer components
generally more TM  gets good efficiency at

to be attractive modest temperatures
6—-8 MPa @ 850°C

t0 900°C 20 MPa
Some relevant ™ needs

testing but mostly
design, current
development
limited

extrapolation to higher
powers, HX’s to higher
pressure

1200°C? 750°C-800°C
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PCU Comparison

I ) T O

Size
Efficiency 4 3 2 1
Operating Pressure 1 2 3 4
Technical Maturity 1 2 3 4
Evolutionary Limits 4 3 1 2

14 (last) 13 (poor) 11 (best) 12 (second)
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Recommendation

Consider S-CO, for smaller nearer-term applications

— The first high temperature reactors will be below 700°C and this will

be a good fit

Transition to helium systems as reactor temperature increases

Focus on heat exchanger trades in the near term

We think it is easier to deal with the pressure concerns at lower temperature than to
deal with the temperature concerns (at any pressure) at this time

Helium system size is not attractive at these temperatures

Helium system efficiencies won’t pay out until turbine inlet temperatures approach
850°C

S-CO, system development is just beginning

As helium system development seems to be winding down
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SMAHTR S-CO, Power Conversion Options

SMAHTR Case 1 2 3 4
Number of SmMAHTRS 1 1 2 4
Number of loops 3 3 6 12
Number of PCS 3 1 1 1

Net Efficiency (%) A50 458 463 467

Power [MW(1)] 41.6 125 250 500

Power [MW(e)] 188 57.3 115.8 233.7

* Assuming 650°C Turbine inlet temperature

’¥ OAk RIDGE NATIONAL LABORATORY

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE



TM Eeat Power (MWe)
eature 0.3 1,0 3.0 19 30 | 10p 300
TM Speed/Size 75,000/ 5cm 30,000 /14 cm 0,000/ 40pm 3600/1.2 m
Turbi Single stage Radial .
urbine type [ Condesuge | axia munstage |
Compressor _ _ -
Single stage Radial —
type :
|_ ] Single stage Axial
_ Gas Foil [ : Hydrofdynamif
Bearings | Magnetic |7 | Hydr
| Adv labyrinth
Seals L :
| T A
Freq/alternator Permanent Magnet ] | Wound, Syr|chronous T}
[ Gearbox, Synchijonous ]
other? [ Otned | o
Use by permission. then list referenc&mAHTR Case 4 2 3 4

Figure 1. Component and technology options for S-CO2 Brayton cycles for small scale to
commercial scale systems.



University of California Berkeley — Department of Nuclear Engineerin

SmAHTR S-CO, Case Studies

SmAHTR Case Study 1 2 3 4
Thermal Power MW 41.67 125.00 250.00 500.00
Elect Cycle Efficiency 0.45 0.46 0.46 0.47
Electrical Power MW 18.75 57.20 116.00 234.00
Compressor OD m 0.18 0.38 0.50 0.62
Re-compressor OD m 0.32 0.66 0.88 1.09
Turbine OD m 0.33 0.67 0.89 1.11
Radius of the permanent magnet m 0.40 0.83 1.10 1.37
PM rotor length to give power m 1.21 2.48 3.29 4.09
Mass of rotor MT 1.40 9.24 21.23 45.30
Mass of LT recuperator MT 10.41 31.70 64.27 129.62
Mass of HT recuperator MT 34.41 104.38 211.39 426.15
gas to gas HX mass per PCS MT 44.81 136.08 275.66 555.76
Number of PCS 3 1 1 1
Total gas to gas HX mass MT 134.44 136.08 275.66 555.76
shaft speed RPM 12000 10000 5400 3600
gear box yes yes yes no

These data created from an extrapolation of calculations from S-CO, power
Conversion made by Barber Nichols.
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Most cycle analyses focus on 20 MPa systems

60

—+8500c| Turbine Inlet Temperature (in °C)

—=—7500C —//L//ﬂ
—m— 6500C
55 —+— 5500C
i / — —
o
;“E Jr/
: 50 / - P ——N
7] —
Lo
= I—
T A
45 '// o=
. I/ \v
15 17.5 20 22.5 25 27.5 30

Compressor Outlet Pressure (MPa)

Use by permission. then list reference
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“Plant would be better as a baseload plant because the
penalty for operating at 2/3 of PCS design rating is severe

50

40 ]

b al

30 /
20 /

10 ’./

g

0 20 40 60 80 100
Percent Full Power

Cycle Efficiency (%)
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Heat Exchangers are a Key Development Issue

All Brayton concepts are relying on the development of plate fin HE or PCHE®© technology

T ———————————
TwTTTeTew--
T —————————
------------

-

. ——————————
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Can compact high temperature and pressure heat exchangers be made to the scale
required with sufficiently long lifetimes and low expense to make S-CO, power
conversion competitive?
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Heatric Printed Circuit Board Heat Exchanger
0.5 MW CO, to H,0O Pre-cooler
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SNL currently testing stainless steel PCHE’s rated for 18 MPa and 600°C.
Steve Wright (SNL) feels that 750°C may be a limit in CO, due to surface reactions.

AGR’s operate at 650°C.
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Conclusions

=  S-CO, is a good temperature match for SmMAHTR from 550°C to 700°C

= At 800°C helium Brayton system efficiencies become competitive

= The re-compression cycle is the best fit for power generation —
especially related to control issues

=  S-CO, components will be small, heat exchangers will dominate costs

= Efficiency increases with thermal power for the same state point
conditions

= Efficiency increases with increasing turbine Inlet temperature
. 2% to 3% gain per 50°C of temperature increase

= PCHE can handle the pressure and are important to the success of an
economical S-CO, PCS

= Recommend that a 10-MW(e) non-nuclear S-CO,
Brayton demonstration be pursed using partners
In fossil and renewables programs
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This effort references the excellent work of many folks

from several organizations
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