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The Thar Brand - Over 25 years of Innovation with
“Green” Supercritical Fluid Technologies

Design and commercialization of supercritical
systems & major components

TharSupercritical /
Chrom tography \
System ‘Zﬁ_

e 4&,{5‘;.
‘

Over 5,000 scientific
iInstruments installed

Direct Exchange, R744 (CO,)
Geothermal Heating & Cooling

"W | Heat
: l%xchangers .
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Thar Timeline (cont.)

sCO, Brayton Power Design — Construct — Operate

Cycle Development Design — Construct — Install sCO, Heat Exchanger Test Loop
Primary Heater for Sunshot i i

COMPACT Heat Exchangers for sCO, y Superior Thermal Performance Confirmed

One MWe SCOZTest Loop

Power Cycles

Primary Heater
Air-sCO,

3D Printed, 1st HX made using

Inconel 718, - ~Inconel 740H Gas
sCO,-sCO, y&= | s | ==t Cooler
Recuperator AIT-sCO,

2014 2016 2007
Oxy. Combustion Test Facility \ patent - Notlce
Design — Construct — Operate of Allowance
-~

Demonstrate auto-combustion

Counter Current Heat
Exchanger/Reactor

Process i

Design — Construct —
Operate Largest GMP
sCO, Extraction
System in USA

- .‘“ﬂIl

. Pharmaceuticals
Expands into Liquid Chromatography sold to
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Heat Exchangers are key to improving sCO, power cycle efficiency and costs

Thar Energy - Manufacturer of
coMmpACT Heat Exchangers for sCO, Power Cycles

* Recuperators
 Heaters

* Gas Coolers
 Water Coolers

Optimized Material Use
« Aluminum
» Carbon Steel
» Alloy Steel
« Stainless Steels
* Nickel Super Alloys

Thar Energy, LLC © 2017| All Rights Reserved

kWt to MWt

Primary
Heater
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Recuperator Recuperator

Compressor Recompressing Turbine
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Sunshot Primary Heater HX Design — 2.5 MWt

Hot Gas to sCO, HX
Inconel 740H Construction

Design Conditions:
Gas Fired Burner/Blower Outlet Temperature: 870°C
sCO, Outlet Temperature: 715°C @ 255 bar

Thar Energy, LLC © 2018| All Rights Reserved
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Installed at SwWRI
Thar Energy’s sCO, Primary Heater

nShot

/1111 us. [jepa tment of Energy

2 3 MWt Heater
Inconel 40H-&

— .

11.7 MW
Natural Gas Burner/Blower *%
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Direct Fired Oxy-Fuel Combustor for sCO, Power Cycles

Oxy-Combustion 1 MWt Demonstration Test Facility
* High Cycle Efficiency
« Combustion occurs in the working fluid Low ewr e

P8

 Facilitates integrated carbon capture

« Water separation

« Compatible with dry cooling techniques

* Requires compact and efficient oxygen
separation

HEAT
SOURCE

COOLING OUT COOLING IN

Project Partners:
« Southwest Research Institute
» Georgia Tech
« Univeristy of Central Florida
« GE-GRC

« US DOE, DE-FE002401 %l

mCHINERY
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Project
Overview
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Objective:

« Advance high-temperature, high-differential-pressure recuperator technologies
suitable for use in sCO, Recompression Brayton Cycle (RCBC)

- Evaluate, advance, and demonstrate recuperator concepts, materials, and
fabrication methods that facilitate the commercial availability of compact and
low cost recuperators for RCBC conditions (e.g. turbine inlet temperatures
exceeding 700°C, and differential pressures on the order of 200 bar)

 Emphasis placed on scalable solutions able to accommodate plant sizes from
10 - 1,000 MWe

Program will:

(1) Address critical design, materials, and fabrication challenges
(2) Significant impact on recuperator cost, performance, and scalability

Thar Energy, LLC © 2018| All Rights Reserved DE-FE0026273
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Project Participants

Energy

Lalit Chordia, Danyang Li, Ed Hoppe, Peter Shipe, Tom Koger, Marc Portnoff
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Grant Musgrove, Klaus Brun, Stefan Cich, C.J. Nolen, Anthony Costanzo,
Kevin Hoopes, Shane Coogan, Griffin Beck, Larry Miller, Melissa Poerner, Matt
James, Josh Schmitt, Elliott Bryner, Fang Pan, Nick Mueschke, David Ransom
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SOPO Tasks

A scaled prototype will verify the design process
and technology before designing for 47 MWt

Task 1.0 Project Management and Planning

Task 2.0 Engineering Assessment of Advanced Recuperator Concepts

Other Concepts
from brainstorm

Techno-Economic Analysis for selected recuperator concepts

Task 3.0 Preliminary design (detail design of 100 kWt prototype)

mmmms) Task 4.0 100 kWt prototype fabrication and testing

Go/No-Go Milestone for Budget Period 2

Task 5.0 Detail design of 47 MWt recuperator

Task 6.0 Fabrication of 47 MWt recuperator

Thar Energy, LLC © 2018| All Rights Reserved DE-FE0026273
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Project Recap

« STEP Recuperator Criteria
 Recuperator Concept Down Select

« Scaling Considerations

Thar Energy, LLC © 2018| All Rights Reserved
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Develop a Scalable, High Temperature Recuperator

for STEP Conditions

c _‘ m-c Fan 21°C
Burner | 0107 MPa — /| D111 MPa 1.7 MW 0.101 MPa
431 MW, i : 1127 kg's
) Air
Matural Gas AL/ * | stack
Air Preheater 204 °C
55.6 MW 0.101 MP
0.62 kgls e m 1126 ks e High Temperature Recuperator
81 ﬁ qc . mg uc //_ 2399 MPE ._ [ ] —_— n [ ] —_— n —_— [ ] —_— n —_— [ ]
0.107 MPa (0‘\,) 0.105 MPa 3 104.5 kg/s |
b 4 194 *C g
Pri Heate A 22.90 MFPa . 533°C 194°C I
rimary Heater n 1045 k T8 °C
T o | MR wotor  23.86 MPa 23.99 MPa
n
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HT Rec LT Recup
2372MPa 2386 MPa 1_/ 48.6 M, 15.2 MW, | S |
I K st Main Comp n
WHE e Cooler e = 83% ] 47 MWt I
— w3 WP 2 " 1.8 MW, Motor |
n
Turbine BE& "C L]
15.3 MW,,, Gen Lo 869 MPa 2= oo N |
Mg = 85% 4.2 kgls 8.55 MPa | L
70.3 kgls Bypass Comp ° o
581°C 27 MW, = 581°C 204°C |
25 1Ps e e8] 8.96 MPa 8.83 MPa
B co: 104.5 kgl's _ A22+¢ L
- |}
— t14 LS |
Cire. Water Pumy hl_l_l_l_l_l_l
P
B wster 220 23
- Matural Gas =78 Limin Make-up Water
- Comb. Prod. Air Cooling Tower
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Updated STEP Cycle Conditions — 8/18/16

STEP sCO, Cycle Assumptions:
* Net electric power output = 10 MWe

* Turbine efficiency = 85% ngh Temperature Recuperator
 Generator efficiency = 98.5% B e Sin=—a
« Main Compressor efficiency = 82% | 101.5 kg/s |
. c|3:ypass Com[K/llrefsorf?ffi.ciency ;gi‘;ﬁ 529 4°C 179 4°C |
- Compressor Motor efficiency =96.5% ' 53 g6 Mp2
« HX pressure drop/pass = 138 kPa I Ak MPa_
« Temperature approach = 10°C ] |
« Mass flow = 101.5 kg/s ! L
i 45.9 MWt I
| | A
|
| |
N " 576.8°C 189.4°C
TL | 8.96 MPa 8.83 MPa ,
] 101.5 kg/s |

Thar Energy, LLC © 2018| All Rights Reserved
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Comparison of Recuperator Design Criteria

Criteria Updated

Thermal Capacity 46.6 MWt 45.9 MWt

Thermal Effectiveness 96% 97%

APy, < 1.5% (1.3 bar)
AP, < 0.6% (1.3 bar)

Temperature Limit 581°C 577°C

Pressure Loss

Differential Pressure 152 bar
Life 30,000 hr
Cost < $100 / kWt

Package Dimensions 8.8x3.6x2.6m

Thar Energy, LLC © 2018| All Rights Reserved
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Heat Exchanger Design

- Area Density (Microchannel passage size) Alternating Rows
- Counter Current flow A
« Checker Board Flow Pattern -
* Passage Shape

» Surface Effects

* Turbulent vs Laminar flow

N

\

Q

A

/,;

W,

CoSt G HTC

0.9 —
: Approach 08 /’/
Effectiveness =07
Temperature 206 | fo—
\ 805 -
204 —Concentric Tube, Counterflow
D03 I, CrossFlow (both unmixed
—Cross Flow (Hot Mixed)
Area PreSS ure 0.2 —Cross Flow (Cold Mixed)
i 0.1 ——Shell and Tube - One Shell (TEMA E)
Den Slty DI'O p 00 ‘—Cc‘)ncent‘ric Tqbe, Pgrallel‘flow |

0 2 4 6 8 10 12 14 16
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First Cost vs Life Cycle Costs

« Smaller passages are more susceptible to plugging,
fouling and are harder to maintain

« Lower cost alloys can be more susceptible to corrosion

« HX design susceptibility to thermal fatigue at scale

Thar Energy, LLC © 2017| All Rights Reserved
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Recuperator specifications influence cost
Relatively independent for the heat exchanger concepts evaluated

« Approach Temperature

e Effectiveness 3.0 7 s mehea ,-
B Plate Fin /./
— . I‘
*Pressure Drop 25 4 Microtube ;
fd
N @ Corrugated = .
 Mass Flow o /
O 1 Stacked Sheet /'
c 2.0
; 4 ——HEATRIC (Shiferaw 2016) . /’z
e Pressure oo — - -Counterflow (NTU Ratio) -
© T .
e Temperature § 5
e 1 o~ [}
L 10 T
nq:J Il e -7
- .‘. -
I m
0-5 = I I I I I I I I I
80% 82% 84% 86% 88% 90% 92% 94% 96% 98% 100%
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{0

Fluid Stream 1
T, P, Mass Flow l\

Thermal capacity
Effectiveness
Pressure drop
Design T & P
Size (L XW X H)

Recuperator Design

Fluid Stream 2
T, P, Mass Flow

——>

Material of Construction
* Physical Properties
 Corrosion

75
\ " H740 Allow
70 L @] =i H282 Alow
65 \ \ | H230 Allow
\ ] —a—H625 Allow
60 \ \' \ —&— Sanicro 25 Allow
55 —a—316 SS Allow
—~ \ A 740 CR 10K hr
n 50 ] \ —=— 282 CR 10K hr
N 45 \\! 230 CR 10K hr
~—
. —=— 625 CR 10K hr
U) 4 | —#— Sanicro25 CR 10K hr
g 35 " —=—316 55 CR 10K hr
[ \\ \ \ - = 610°C
= 30 A i
7)) ~|

N
(%]

ASME Allowable Stress and

10,000 Hour Creep Rupture Values

« Contamination potential
ASME Code Stamp/Design

Fouling Factor

Goal: Meet performance requirements and provide
margin of safety while minimizing over design

Thar Energy, LLC © 2018| All Rights Reserved
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As Design T increases, the material
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Recuperator Temperature & Pressure
Rated Design Points

Temp. Pres.
Condition (°C) (bar) Comment
Operating Point 581 240 from Step facility process schematic
Rated Design Pt. 1 591 264 T+10°C, P+10%
Rated Design Pt. 2 611 280 T+30°C (~5%), P+ 5% + PSV setting
Rated Design Pt. 3 640 293 T+10%, P+10% + PSV setting

Guidance provided by ASME and Industrial Standards (e.g. NORSOK)

Team Recommendation: Rated Design Point 2
Provides a margin of safety with minimum over design.

Thar Energy, LLC © 2018| All Rights Reserved
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State-of-the-art sCO, HX were reviewed in detalil

Project criteria:
47MWHt, 240 bar, 581°C, 96% Effectiveness, AP < 1.3 bar, <$100/kWt

~Heatric <

T -

- ——
|

T

| /f.:'.'..

Insufficient information in the literature to demonstrate
state-of-the-art sCO, HX could meet cost specification

B ROTATING
- M:IIINEIﬂ
Thar Energy, LLC © 2018| All Rights Reserved
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Recuperator Concepts Selected from Brain Storming

Microtube | PIateFin

Corrugated Helical

7N
S\

. R
{

Thar Energy, LLC © 2018| All Rights Reserved maCHINERy X



The Microtube, Corrugated & Stacked-Sheet Recuperator
Concepts were down selected for low complexity and cost

47MWH1, 240 bar, 581°C, 96% Effectiveness, AP < 1.3 bar, <$100/kWt

63-212 $kW etech
130 $/kW fin
1600 $/kW foam

52 $kW

does.not include
header/manifold

507 -$/kW

29 $/kW

goes not include
header/manifaold

Relativesto-the —
increased frictional

microtube, i I0ErEases : ] .
136 $/kW B ity N {0ss withoutincreasifig
heat transfer.

y e

Thar Energy, LLC © 2018| All Rights Reserved mACHINERY
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HTR Recuperator Concepts
Engineering Analysis & Down Select

 Thermal-Hydraulic performance modeling and analysis
« Advanced manufacturing methods and tolerance

« Fabrication cost analysis
Subtractive vs. Additive Manufacturing

« Laser cutting

« Laser welding

« Water jet cutting

« 3D metals printing

« Electrochemical etching

« Electrochemical machining (ECM)

» Electro discharge machining (EDM)
 EDM wire cutting

« Sheet bending/forming

« Metal plating

« Stamping « Welding
* Brazing « Diffusion bonding

Thar Energy, LLC © 2018| All Rights Reserved
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46 MWt Microtube Recuperator
Smaller, modular tube bundles are preferred to
a single large tube bundle design

« Factory fabricated

« Economies of scale lower costs
« Removable tube bundles for maintenance and repair
 Each tube bundle has its own floating tube sheet

« 200 MWt unit meets shipping criteria

3./m x 9.4m 2.1m x 7.9m 0.7m x 2.6m

Thar Energy, LLC © 2018| All Rights Reserved 26
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Recuperator Concepts
Engineering Analysis
46 MWit, 280 bar, 610°C, 97% Effectiveness, AP < 1.3 bar, <$100/kWt

Microtube Stacked-Sheet Corrugated

$51/kWt $47/kWt > $107-380 /kWt

v v )

Thar Energy, LLC © 2018| All Rights Reserved 27
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Project Update

* Prototype Design & Fabrication
* Prototype Performance Testing

Thar Energy, LLC © 2018| All Rights Reserved
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Stacked-sheet Recuperator Concept (SSHX)

Initially discussed as manufacturing method

 Individual sheets have flow
channels cut, punched or etched

* Individual sheets are stacked and
joined (brazed, diffusion bonded)

« Manifolds/headers are added to
distribute flow (stacked sheets,
traditional machining, additive mfg)

Opportunity to enhance recuperator performance by controlling passage size,
shape and surface effects without significantly adding manufacturing costs.

Thar Energy, LLC © 2018| All Rights Reserved Tapered hOleS Varlable h0|e SIZes 29
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Stacked Sheet Recuperator Concept

Manufacturability effects:

« Surface roughness characteristics in the passages
« Alignment of sheets and manufacturing tolerances
« Diffusion bonding vs. brazing

* QA/QC (e.g. ultrasonics, XCT, optical scanning)

Pressure containment:
 High pressure loading and thermal growth
« Material thickness between passages for containment

Manifold/Header Design:
 Ensure uniform flow distribution through the core

Thar Energy, LLC © 2018| All Rights Reserved

CFD
Pressure
Distribution
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SSHX and Printed-Circuit HX Mechanical & Thermal Stress Analvsis

SSHX: The bond between sheets

Is parallel to the mechanical Printed-Circuit HX: The bond

stresses and.perpendlcular to the between sheets is perpendicular to

thermal gradient stresses the mechanical stresses and parallel
Improves structural integrity to the thermal gradient stresses

and thermal compliance

. "“TATINli
Thar Energy, LLC © 2018| All Rights Reserved mACHINERY
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SSHX Manufacturing Options
Extensive discussions with Vendors

Subtractive vs. Additive Manufacturing
« Stamp or punch operations (Opacity ~73%)
« Laser Drilling
« Water Jet Drilling
« High Pressure Drilling
 Chemical etching
* Electrochemical machining
« Electro-polishing
* Mechanical Grinding
* Plate and Sheet Re-rollers

« Additive Manufacturing — 3D printing (Opacity ~38%)

Thar Energy, LLC © 2018| All Rights Reserved
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Prototype Recuperators

Criteria 3D-SSHX Laser-SSHX
Prototype Prototype

Manufacturing Method 3D Printed Laser Cut Sheets
Materials Inconel 625 Stainless 347H
Channel Pattern Circle-Star Circle-Circle
Manifold Design 3D Printed Laser Cut Sheets
Joining Method Diffusion Braze Diffusion Braze

Opacity ~46% ~73%

Thar Energy, LLC © 2018| All Rights Reserved
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46 MWt Laser-SSHX Recuperator
Example: Eight stacked Laser-SSHX sub-modules

Hot Low Cold High
Pressure
CO,IN

\3 . | ~ Cold Low
N - -~ Pressure
Hot High™y. . - COo,0UuT

Pressure
€O ouTy | - 3D-SSHX
57% volume
decrease

Thar Energy, LLC © 2018| All Rights Reserved
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STEP Recuperator Prototype Test Loop

Updated Conditions

179.4°C
239.9 Bar

529.4°C
238.6 Bar

A

O\ I
576.8°C

45.9 MWt>
89.6 Bar

101.5 kg/s v

189.4°C
88.3 Bar

101.5 kg/s

Prototype Test Conditions

529.4°C
238.6 Bar

576.8°C
89.6 Bar
0.15 kg/s

179.4°C

239.9 Bar
0.15 kg/s

(9 kg/min)

A

67.8 kWt>
\_/'

189.4°C
88.3 Bar

* Test thermal performance over a range of operating conditions
« Compare actual to predicted performance
« Rank prototypes by performance

Thar Energy, LLC © 2018| All Rights Reserved
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sCO, Brayton Power Cycle Heat Exchanger Test Facility

Reconfigurable Test Loop

COC: Supply
* Pressures to 275 bar e . e
« Temperature to 700°C D@qfﬁ%;:f
. * SCO, mass flow to 10 kg/min == -
v tank MFM |« Vent
' . L ’ ) B 14ikgs | 84bar
Simple Recuperated Cycle oy pamave | 3
: High temperature valve in place e
peme-5C0,-5C Oy of expander { -
y RECEDET 310 ’
B { ' >( Recup\,
! 86 bar, 567°C \ 85 bar, 80°C
{ TE 05
87 bar, 370°C @ | Y | = Air Flow
= x ESiop HXH1 Ty sas o e - ai;nsor e
Bumer > W i
Blower PT_B1 Combustion ! , |Insulate
55 0 — D and hERan

Work supported by US DOE NETL under
DE-FE0024012 & DE-FE0025348
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HX Model Heat Transfer Equations

Models selected from established heat transfer and pressure
drop equations for the best accuracy compared to testing data

1 CO, Side Nusselt Number 2 Air Side Nusselt Number

Petukhov (1970) Martin (2002)

4X
(g} X Rex Pr _ ?T -1
0.92Hg X Pragr (1) x | 1 X, =1

N'u-coz =

Bal=

L

4XrXy
0.92Hg x Pry;,.(i) x T;f;. X, X =1

900 600

f 2
1.07 + Re 1+10Pr + 12?(1] (PT‘E - 1} Lg =

\

1
Nu,, (i) = 0404 x Lq3

3 CO, Side Pressure Drop 4 Air Side Pressure Drop

Bhatti and Shah (1987) Zukauskas (1988)
f=000128 + [:.‘1143}?3'“'311 Moo = NX ( PT;mz)f

Ap,,. = fLPE

Peos fda 5

Thar Energy, LLC © 2018| All Rights Reserved
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HX Performance Heat Transfer Equations

High P High P,
T, Py, th T, Py th
N Recuperator n;
Low P;, ) ) Low P,
T61 P61 rh T7, P7, m
he h;
Effectiveness, € = Q_. ¥ Qpax AU=Q,.=T.,
Qact = minimum(QZ-B’ Q6-7) Qmax = miniml_Jm(Qh max? Qc max) TLn = (ATi - ATii) +=LN (ATi - ATii)
Q3= m X (h3 = hy) Qh max = m Xx (he — h(T2, P7)) AT, =Tg— T,
Qg7 =M X (hg —h7) Qc max = M X (h(Tg, P3) —hy) AT, =T,—T,
Approach Temperature = T,—-T, % Pressure Drop

%AP = (Pin — Pout) / Pin

Thar Energy, LLC © 2018| All Rights Reserved R. K. Shah and D. P. Sekulic, Fundamentals of Heat Exchanger Design, John Wiley & Sons, Inc., 2003
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Prototype 3D-SSHX Recuperator
Test Loop Steady State Time vs. Temperature Plot

- -TE_02-DA - -TE_03DA ——TE 06-DA ——TE_07-DA
600 +
80.3 bar sCO, In -
s00 - o M
5 400 | N r————————— T r TR -
| 257. 3 bar SCOZ Out
]
£ 300
o
=1
E
= 200
H . 100 80.1 bar sCO, Out
Mounted in test Thermal IR f:“*“"2‘5_?_5_ba-r*5"ffoglﬁr1""h'h'”“"“"”h'"““'
loop before final image during 0 +———s e+
. . . . . . 325 33[! 335 340 345 350
insulation installed commissioning Time (min.)
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Prototype 3D-SSHX Recuperator
Test Loop Steady State &Energy Balance Plots

Time vs. Temperature Plot

——TE_02-DA  :-:--- TE_03-DA ——TE_06-DA  :-:--- TE_07-DA —TE_09
Hot Combustion Gas Out sCO, In
257¢3 bar
r SCOZOut
"*" 80 bar sCO, Out
. 258 bar sCO, In R D I
9'0 ' 1é0 ' 150 ' léO ' 2'10 ' 24'10 ' 2%0

Time (min.)

Thar Energy, LLC © 2018| All Rights Reserved

Energy Transferred (KW)

o

Energy Balance Plot

— = High Pressure sCO2 ——Low Pressure sCO2

Higher Pressure
CO, Out

sCO2 mass flow
~0.117 kg/s (7 kg/min)

90 120 150 180 210 240 270
Time (min)

Good Energy Balance, < 2% error
40
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Prototype 3D-SSHX Recuperator
Energy Transfer & Approach Temperature Plots
Meets design specifications

Energy transfer plot

400 -

300 -

© 152 bar #1 152 bar#2 4 202 bar 0 256 bar
1l %D
:
T I‘ﬁ#
Ty
7 11
o
T 1
;4
I 1
e R
- A
x @L L@
X
z A
o% O
_ A
o 0
100 200 300 400 500

Recuperator, Low Pressure sCO,, Inlet Temperature (°C)
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600

Approach Temperature (°C)

12

10 -

Approach temperature plot
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Low Pressure sCO, AP (%)
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Prototype 3D-SSHX Recuperator

Pressure Drop Plots

Meets design specifications
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Data confirms 3D-SSHX Recuperator Performance

Transferred Heat Q
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Good correlation between Design & Actual HX Performance Data
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NTharEnergy

Data confirms 3D-SSHX Recuperator Performance

Heat Transfer Coefficient, UA
o 3D-SSHX
©152bar#l e 152bar#2 4 202bar (1256 bar Criteria Updated - 8/16/16
Prototype
Thermal Capacity 45.9 MWt v
Thermal Effectiveness 97% \/
AP, < 1.5% (1.3 bar) v
Pressure Loss
AP, < 0.6% (1.3 bar) v
v
Differential Pressure 152 bar \/
0.0 0.2 0.4 0.6 n R 10 12 14 1.6 1.8 2.0 8 8 X 3 6 X 2 6 m /
UAmodel (kW/OC) J ' ' '
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Meets or exceeds program requirements
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Summary

« Stacked Sheet and Microtube 46 MWt Recuperator Concepts meet
STEP Performance and Cost Criteria and can be scaled to industrial
thermal capacity requirements

+» Stacked-Sheet Concept has advantages of lower cost, smaller
package size, and potential for future enhancements

* Microtube Concept has advantages of using a floating tube
sheet to accommodate thermal stresses, and a removable tube
bundle that accommodates cleaning, maintenance and repair

* Prototype recuperators have been designed and fabricated
s 3D-SSHX
s Laser-SSHX

« sCO, Heat Exchanger Test Loop has been successfully operated
s 3D-SSHX prototype recuperator design meets or exceeds HX
performance requirements
s Laser-SSHX prototype testing is scheduled for this quarter.
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Thank you for your kind attention

Questions?

Work supported by US DOE under DE-FE0026273
Richard Dennis, Advanced Turbines Technology Manager
Seth Lawson, Program Officer, Advanced Energy Systems Division
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