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Utility-scale sCO, turbines require advanced seals

Utility-scale ~ 450 MW,

Shaft end seal requirements
— Diameter ™~ 24 in.

* sCO, poses unique challenge for end
seals compared to gas or steam

turbines
L[] [] [] L]
* FI I m B rl d I ng fa Ce Sea |S VS . Ia bys Increase Bidkar et al., 2016, “Conceptual Designs of 50 MW, and 450 MW,
e o o Supercritical CO, Turbomachinery Trains for Power Generation from
I ff 0 6_0 8 Coal. Part 1: Cycle and Turbine,” The 5t International Supercritical CO
cvc e e I c I e n cv 2 hd po I nts Power Cycles Symposium, March 28-31, San Antonio, TX. ’

e Seals at this size, pressure do not exist
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Current research developing large sCO, face seal

Current DOE project activities

1}17!1111111%?°§ii13°”

Bearing
Face

Phigh

Detailed design of new face seal \ Sprin
Reduced-size prototype testing Phigh
Detailed design of full-scale seal Se“g::;”y-—_ —
test rig P

. . . . Z
Construction & commissioning of [ ;

full-scale test rig (2018)

SwhRI

Full-scale seal testing (2019)

Bidkar et al., 2016, “Low-Leakage Shaft End Seals for Utility-Scale Supercritical

CO, Turboexpanders,” Paper No. GT2016-56979, ASME Turbo Expo 2016, June
13-17, Seoul, South Korea.
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Test rig overview

* Back-to-back seal arrangement Return Swirl  Case

i barrel
 Thrust balanced e e
* Open-and closed-loop

NDE DE
bearing bearing
housing housing

Conditions:
75 bar, 400°F max
1-10 bar
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Casing design limited by deflections

0.066414 Max
0.059034 Case

e
0.051655 / oAl Stud w/ nut
0.044276 Symmetry :

0.036897
0.029517 plaas .
0022138

0.014759 /

* Design by ASME BPVC, VIII-2
— Linear elastic

— Elastic-plastic

Seal bracket

 PEEEEEE |

. . . i Swirl rin (not final)
— Cyclic loading (ratcheting) v ot
e Stress design exceeds BPVC
req u i re m e nts Acczptance criteria
- — rvellc ymmetry)
* Increased wall thickness to - PR

limit deflections to 0.0005”

Elastic-plastic analysis solution,
thinner walls than current design
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Earlier multi-piece rotor concepts

Multi-piece rotor concepts
evaluated, not selected

Tie bolt Stub shaft

* Perceived advantages of multi-piece rotor

— Less wasteful material use assuming standard
cylinder shapes

— Replacement disk cheaper than entire rotor

— Tie bolt concept lighter, more rigid than solid
shaft (improved rotordynamics)

* Actual advantages of single-piece rotor
— Simpler design
— Near-net-shape forging cost reasonable
— Less overall machining
— Greater burst margin
— Negligible difference in repair cost
— Critical speed separation margin > 100%
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Stub shaft

{b} Tie Balt Rotor Design

Current: single piece rotor




Flow loop leverages existing sCO, facility

Existing Test Loop

Seal Test Rig Loop
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RD-310
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Seal Test Rig Sy
Motor
anv.mz |:|Xcv.3oz
[ —1‘@— PSV-301
Strainer
CV-304 €v-301 CVv-303
1 Filter FM-304 — FM-303
S LineB2
PSV-101, PSV- £
I 1 Line A [ Line C
FM-101 FM-102  HV-101  CV-101 Heater HV-300 Seal Gas Supply Filter



Flow loop design

Less challenging than other sCO,
projects due to lower temperature
Upstream piping

— 316 stainless steel

— 3 micron filter

Downstream piping
— Carbon steel

P

ine
N
CHK-302 =
= FM-302
| %]
PSV-306 _

N
RD-310
PSV-305
Seal Test Rig jél
Motor
PS\.I' 301
CV-304 CV-301 €vV-303
FM-304 FM-301 FM-303
%; Line B2
PSV-3 £
l Line C J
Seal Gas Su pplv Filter
9
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Flow network analysis *

* Quantify pressure drops . ; lﬁ_g L

* Size piping = D

* Cases ﬁ} é%,“;
— Design conditions il

— Test seal failure
¢ Maximum downstream pressure
e Maximum AP / thrust force
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Design case pressure drops

120

100

80

=)}
o

Pressure, bar

=
=]

20

Note: Flow elements
upstream of the swirl ring
supply and Lines B1 and
B2 upstream of the test
rig were also modeled for
this analysis, but these
pressures are not able to
be published at this time.

—— B Downstream

After
CV-301

/ / Swirl ring

/ Test seals

B Exit FM-305/306
+ | —O—CUpstream / CV-305/306
== C Downstream
0 5 10 15 35 40

Flow Element Number, -
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Seal failure without protection results in excessive
downstream pressure and thrust force

120 .
: MNote: Flow elements SWirI rlng i SImUIated DE Seal aS no
- upstream of the swirl rin FM-305 .. .
100 L sfpp:yandun;sfgmg w restriction (failure)
- B2 upstream of the test .
g wereohomodsiifor | ‘ Pos =9 bar * Assume all valve settings
L this analysis, but these (1410 psi)
80 T pressures are not able to After .
_ [ be published at this time. CV-301 at same Set pOInt
2 | | ap=sobar e Assume supply pressure
7 test seal kel | from pump remains
& 40 —a— B Downstream NDE unchanged
ST EE‘TW”W‘”‘ .  Allow flow rates to
[ xit .
| —o—cupstream increase due to less
L R A restriction (conservative)
0 5 10 15 20 25 30 35 40

Flow Element Number, -
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Mitigation approach utilizes PSVs and rupture disk

"y i
* PSVs protect downstream cavities
from excessive pressure “ O N [T
N
— 200 psi set point
— Sized to handle flow of seal supply o ova0s
* Rupture disk protects from Seal Tet Rig N
excessive AP Motor
. 4{3?‘!’5\"-3'01
* Check valve on return line E

prevents back flow into rig

-
@ Line B2

Psv_shczfﬂﬂ =
Line A [ Line C
» - L_I J

Seal Gas Supply Filter
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Mitigation features ensure rig safety in seal failure

Pressure, bar

120

60 +
a0

20 T

[ Note: Flow elements

- upstream of the swirl ring
100 +
- B2 upstream of the test

supply and Lines B1 and

[ rig were also modeled for

L this anaolysis, but these
80 +

[ be published at this time.

pressures are not able to

—i— B Downstream NDE

== B Downstream DE

After
Cv-301
J Pps =17 bar
(244 psi)
AP =3 bar
(44 psi)

CV-305/306

B Exit
== C Upstream
5 10 15 20 25 30 35 40

Flow Element Number, -
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* Downstream pressures

and AP acceptable

Only PSV on failed seal
side simulated — second
PSV and rupture disk offer
redundant protection
Decrease in supply
pressure due to increase
in mass flow through CV-
301

14



Summary & Conclusions ...

S iimmE=D s
* Currently developing seal T [/ 4
technology for utility-scale o
sCO, turbines

* Full-scale test rig detail design
being completed

e Casing design limited by
deflection control

e Single-piece rotor design more
cost-effective, simpler

* Loop design considered seal failure
scenario to limit downstream
pressure, rotor thrust force
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Thank you... Any questions?

Aaron Rimpel gl® z

Southwest Research Institute

San Antonio, TX The 6th International Supercritical CO,
. ) Power Cycles Symposium
aaron.rimpel@swri.org March 27-29, 2018, Pittsburgh, Pennsylvania

Disclaimer: This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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Major flow elements (backup)

. . Design Failure Failure
Tag Parameter Description Units Case Scenario 1 Scenario 2
Mass Flow (norm.) - 1.000 1.053 1.588
Line A T %
Supply Pressure - Psupply Psupply Psupply v-306 v-305
Mass Flow (norm.) - 0.817 0.613 0.954
Cv-301 ™ o
Restriction Bore Diameter Ratio - 0.315 0.315 0.315 U EM-306 D EM-305
Mass Flow (norm.) ; 0.093 0.353 0.551 e (\
CV-303 1.1 ine J
Restriction Bore Diameter Ratio - 0.472 0.472 0.472
CHK-302 u
Mass Flow (norm.) - 0.093 0.087 0.084 @ FM-302 @
CV-304 - 2
Restriction Bore Diameter Ratio - 0.472 0.472 0.472 = K =
Upstream Pressure bar 83.0 101.0 51.0 Rol.dgm
PSV-306 PSV-305
Swirl Ring Downstream Pressure bar 75.0 97.5 13.8
K factor - 1.86 1.86 1.86
Downstream Pressure bar 10.0 97.5 13.8 Seal Test ng :):ll
Seal DE
K fact - 4.46 NA NA
actor Motor
Downstream Pressure bar 10.0 17.3 16.8
Seal NDE
K factor - 4.46 4.46 4.46 4{:? PSV-301
Line C DS Mass Flow (norm.) - 0.712 NA NA eV-304 cV-301 V303
Return Pressure bar 70.0 NA NA
v.305 Mass Flow (norm.) - 0.146 0.913 0.111 £M-304 _— EM-303
Restriction Bore Diameter Ratio - 0.165 0.165 0.165
& Line B2
Mass Flow (norm.) ; 0.146 0.140 0.135 ] —
CV-306 PSV-3 =
Restriction Bore Diameter Ratio - 0.165 0.165 0.165
Exit Tee Pressure Match - AP=0 AP =0 AP =0 ned | |l ) Line € J
¢ Exit Ambient Pressure bar 1 1 1 Seal Gas Supply Filter




