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ceramatec®

Advanced Materials & Hecfrochemical Technologies

Why Ceramic pu-Channels?

p-Channel Flow

Preferred
Region

e u-Channel Technology 3

— Improves:
* Heat Transfer
* Mass Transfer
— Therefore Reduces:
* Reactor Volume
* Residence Time
» Capital Investmen

e Ceramic Materials

— Improve:

+ Temperature Stability

« Chemical Stability

* Mechanical Properties
— Therefore Increase:

* Operational Life

« Materials Compatibility

* Process Temperatures

Thermal EMiciency (%)
MR ABEREEE AR
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ceramatec®

Advanced Materials & Hecfrochemical Technologies

What Applications?

Analytical Thermal Management

* “Lab-on-a-chip”
* Wet Chemistry
* Gas Titration

* Catalysis

e Thermal Effects

Reagent
Ports

* Electronics Cooling

* Heat Pipes
 Evaporator

/ e Condenser

* Hot Gas to Gas

* Corrosive Mediums

Reaction
Zones

Capillary
Wick
Analysis Feed
Ports Port
Separations Combined / Reactors

 Selective Membranes
e Porous Membranes
e Multi-Phase Fuel/Steam

Air/Oxygen * Fuel Processors

* Pharmaceuticals

» Hazardous Mat’ls

* Chemical Synthesis

POX Product

Pressure

Channels

Feed resistant flat
Gas plate membrane
design Fuel Feed/ Porous /
Oxidation Small Ports

Air

Distribution

Product
Stream

Air Feed
Layer
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Processing Skill-Base

ceramatec®

Advanced Materials & Hecfrochemical Technologies

Catalyst Impregnation

Porous
Substrate

* High Surface Area
* Selective Catalyst
* Graded Porosity

Catalyst

Micro-Channel Devices

* Chemical Reactors

* Heat Exchangers

* Separation Membranes
* Capillary Wicks

* Fluid Mixers

* Internal Manifolds
» External Interfaces
* Primary Unit Cell

Micro Nano Breakthrough Lonterence

raded Structures

* Dense Membranes
» Porous Membranes
Micro-Channels
‘ ~ » Mini-Channels
Features ; % ﬂ Porous
T ey 4% "3 Dense

Graded
Internal
Flow Distribution
el -Q%» < Heat Transfer
: Mixing
* Separations
..., *Filtering

%41 « Reactions

* Process Scale-up

* External Plumbing

* Mechanical Integrity
* Multi-Step Processes
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Engineering Skill-Base:

ceramatec®

Advanced Materials & Hecfrochemical Technologies

Materials

Weight Change (g/cm %)
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Design

Coramic Heat Exchanger
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Gradtain = 06T = T})

Enclosure Radiation
q" =0T ~a,H,
H =355

B, =507} + piH,

f:mffmﬁ

Convective Heat Transfer
q"=he(Tsolid - Tfluid)

In Solids Coupled Conduction
VKT)VT +¢" =0
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Advanced Materals & Electrochemical Technologies

Rapid Prototyping Complex Devices:

‘Flexible Microchannel Designs and Processes.
Fabrication Method
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ceramatec®

Advanced Materals & Electrochemical Technologies

Multi-Faceted Development

odule, Compo Channel Design

> Ceramic Processing
> -Machining Capability
- -Assembly Tolerances
-Sintering (D(in;s_iﬁcation) '

Layer & Channel Dimens

: : Materials Processin
Reaction Chemistry &

Operational Life
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Advanced Materals & Electrochemical Technologies

Fabrication of pu-Channel Components

Dense — Heat Transfer Surface ——»

/ Slotted — Combustion Channels

\ Slotted — Combustion Channels

U

=
=
=
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ceramatec®

Advanced Materals & Electrochemical Technologies

Fabrication Development — Scale-up

e Phase 1 Wafers —

— Radial Flow
— 2 Fluid (Air/Methane)
— 14 Layer Structure

e Test Coupons
— Flow Testing
— Heat Transfer Testing
— Counter-Flow
— Channel w:d parametrics

e Full-Size Wafers e
— Commercial Scale
— 108mm x 108mm x 1.5mm

— Channels: 72 channels/wafer
+ 100mm*1900.*200p (I*w*d)
 w:d=9.5

— Leak Tight
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Temperature (°C)

ceramatec®

Advanced Materials & Hecfrochemical Technologies

Layer & Feature Optimization

1000
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800 -

700 1

500 -
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300 - — T
— EeXterna ap . .
—— Micro-Channels Opt]mal DeSl I

. e v'2 Stage Heat Exchanger
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ceramatec®

Advanced Materals & Electrochemical Technologies

u-Channel Validation Testing

DP measurements
(top and bottom)

| -"l"o{;. - Rt - 325 3- OO0
-

e SiC Ceramic
— Counterflow
— Internal Channels

e Test Variables
— Channel (w,d, w:d)
« 500u <w <2000u
« 250p <d<500u

— Flow Rates
- 1LPM<Q<4
LPM

DT measurements
(top and bottom)
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Temperature (C)

ceramatec®

Advanced Materials & Hecfrochemical Technologies

u-Channel Testing: Heat Transfer & Models

140

120

100

80

60

40 1

20 1

Data vs Model

C20 Thermal Profiles

min: 2.59e+01, node 5916 Temperature
rax: 1.16e+02, node 12751
1.16e+02

250e+01

B Cold Exhaust
Hot Feed

4 Hot Exhaust
— — — Cold-E model
— — — Hot-E model

ColdFeed | — _ _ _ _ _ _ _ _ _ _ _ __ ____________

Insulation

Heat
Exchanger
Channels

T(bc)

1
bx
40100 Tiinlet) =116¢

1 = 1.000002+00

Finite Element
Analysis

1.5 2 25 3
Flow Rate (SLPM)
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ceramatec®

Advanced Materials & Hecfrochemical Technologies

Water Scale-Up: Conjugate Flow & Heat

200%

‘\ ¢ orig.man
180%

= wide.man

Thermal Profile
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ceramatec®

Advanced Materials & Hecfrochemical Technologies

Mechanical Design: Brittle Ceramics

e Failure in Ceramics is

Predicted Using Weibull
Distribution
— 2 Parameter
* Characteristic Strength (c.) . °* G,“
* Weibull Modulus (m) £ 00 !
— 3 Parameter (o) !
|
D N R
e Characterization of Flaws ao LR S — oo
_ Size wl

— Location: surface, volume

e Reliability Data Should be
Based on Similar Processes
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Advanced Materials & Hecfrochemical Technologies

Mechanical Design: Loads & Stress

Weibull Plot
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Advanced Materials & Hecfrochemical Technologies

u-Processors for Macro Processes

=4

5 o
ie=y  Heated
> Air

»

“Hot Box”

Full-Size Wafer Feed

Modular Stack
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Advanced Materials & Hecfrochemical Technologies

Ceramatec: Synergy, Technology, Delivery

ITM Oxygen

I'TM Syngas

SOFC

Pressure
resistant flat
plate membrane
design

800-900°

250 psig Pure Oxygen

Current Flow

End Plate
Anode

Electrolyte Matrix
Cathode

Fuel

Flow Bipolar Separator
Plate
Oxidant
Flow Anode
Electrolyte
Fuel Cathode
Flow

End Plate

Oxidant
Flow
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Oxide Systems

Technology

Materials
Non-Oxide Systems

Alumina Silicon carbide
Zirconia Aluminum nitride
Ceria Silicon nitride

Alumina/zirconia
Mullite
Nasicon

Titanium diboride
Silicon nitride
Tungsten carbide

Perovskites

Processing

Dry Powder Processing
Powder Pressing
Tape Casting
Laser Machining
Lamination
Sintering — Air, Atmosphere
Joining
Finish Machining

Engineering

Weibull Plot
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u-Channel Programs
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ced Materals & Becfrochemical Technologie:

Figures of Mertit

Performance Geometric

e Pressure Drop (AP) e Volume

— Internal : 4.14 kPa/Stage — 0.55 m3 (1.9 ft3)

— External : 0.35 kPa/Stage e Hydraulic Diameter
e Thermal Differential — Internal: 325

- AT,,.=30C — External: 760p
e Heat transfer Coefficient e 1470 “Wafers”

— U,y =445 Wim?C e 2 Stages
e Thermal Duty e # Modules: 5x2 =10

- 107.5 kW
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