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Power, Propulsion, Thermal, and Airframe Integration

« Challenge is to highly integrate all systems:
— improves fuel efficiency Airframe

— reduces emissions
— reduces low grade waste heat
reduc ' - oo

S




Electric Aircraft Propulsion Technology Adoption

Market Opportunity 25000 Aircraft +15000 New

Economic Benefit Less Maintenance Fuel and Ops Savings Transformational

Reduced Operational Costs X
Turbo Electric

Superconducting

More Elect.rlc RBIEHE
All-Electric

Faster Regional Service

Fuel and Energy Savings Hybrid Electric ‘

Technology S-Curves

Brdtischka NiCd Battery

Market Adoption
Vehicle Class Enabled

| Bamer | Whyisthishera? | Why s this worth the investment?

Weight (W)
Efficiency (Eff)

High power conductors are heavy Light-weight components required for flight

Requires high frequency/cryogenics Reduces fuel required and thermal rejection load

Energy Storage (ES) Only improves 2-6% / year Directly impacts range and payload

High Voltage (HV) Partial discharge at altitude Enables flight-weight powertrain

| Thermal Management (TM) Low grade heat entrapment Enables electric powertrain in composite body aircraft |
Tissandier Electric Flight Controls (FC) Mixed frequency integrated systems Enables maximum performance and safety
Motor AIrShIp Safety and Certification (SC) Lack of flight history Required for commercial operations
1883 1973 2000 2015 | 2025 ‘ 2035 | 2045

Research addresses weight, efficiency, thermal, and fault management technology barriers.




. Integrated Electric and Thermal Management Challenge

Major heat sources Terminal heat sinks
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_Current Power Technology Review

U Diesel and Diesel electric are the two most used high-
power technologies due to their efficiency, reliability,
compactness, and low cost, but the emissions are
difficult to manage.

U The only current true zero emission technologies are
battery and low temperature PEM fuel cells.

* The battery option is only practical in relatively
small systems

* The fuel cell option suffers from lack of
tolerance to impurities, shock resistance, size,
and limited life

U The next cleanest technology options include
hydrogen gas turbines, originally demonstrated in
1937, but they produce NOx even when used with
hydrogen fuel.

* @Gas turbine is complimentary to other hydrogen-
conversion technologies such as fuel cells:
e cost-efficient at large scale
e can utilize lower-purity hydrogen,

*  43% efficient in open cycle, 63% combined cycle

Closed Strayton Quad Generator (CSQG) provides new long-life efficient option for Zero Climate Impact

CRITERION PEM DIESEL GAS TURBINE STIRLING CSQG
EFFICIENCY OVER Best at >80% Best at 40%,
Best at >75% load,
A WIDE RANGE OF Flat . load, very poor at reasonable at Flat
poor at partial load X
LOADS partial load part load
RESPONSE TO Fuel/reformer
. Good Fast Fast Very Fast
LOAD CHANGES dominated
LIFE 10,000 hrs 20+ years 20+ years 30+ years
NOISE, VIBRATION Low High Medium Low ‘
20-2500 kW, Up to 25 kW, Up to 10 MW
POWER RANGE Up to 68 MW Up to 50 MW D o ’
modular modular modular
NOy, CO, HC Very low, . Medium, no CO Very I
X cryow Medium eaturm, 1o 4% Very low or zero B
EMISSIONS, CO, reduced CO, benefit Zero




_Current Power Technology Review (coniinued)

U H, internal combustion (Otto, Diesel, Turbine):

Wet Low Emission to reduce flame temp.
Dry Low Emission (fuel lean conditions) is difficult
with 100% H,,

e turbulent (flashback),

e still fuel-rich early combustion-NOx
Quenching distance %, higher steam concentration,
higher heat transfer coefficient

Combustor 1600C or higher, creep rupture,
oxidation, and cycle endurance

U Turbine impacts (Open Cycle Gas Turbine):

High temperature oxidation exposed to H,+steam

Larger temperature gradients, smaller flame-wall
guenching distance, higher flame temperature, high
HTC

TBC need lower conductivities, fracture toughness
from thermal stress, increased steam content
impacts barrier coatings

Dual atmosphere effect (air + H,)
Hydrogen embrittlement H-diffusion

Turbine inlet, 1300-1600C, axial loading, thermal,
vibrational, centrifugal stress.

Hot corrosion from sulphur and alkali metal
impurities, higher fuel/air ratio, lower impurity
tolerance

. Electric
Evolution Net-zero ; Zero carbon True zero
hybrids
Efﬁmengy and Carbon Hybrid-electric Hydrogen Hydrogen
operational ) S
2 offsets combustion fuel cell
improvements

More Synthetic Battery
Electric Fuels electric
Multifuel
Electric Hydrogen

Closed

Net carbon reduction [] Multifuel Strayton

Multifuel Flameless Oxidation m
Reduce Oxygen to 3%
Recuperate Exhaust Heat HE}
Desaturate Exhaust
Catalytic Reduction
Remove NOx

Clean Unsaturated
Cold Exhaust

Closed Strayton enables zero climate impact with both hydrogen and synthetic fuels



_Power Source Relative Climate Impact and Scalability
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_Electric Propulsion Machine Options

* Fully Superconducting (Next) e w0
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~HEMM Thermal Loads (Cryogenic and Ambient)

1

s Rotating system in blue (inside) Component Loss (kW)
NN Stationary frame in grey (outside)
’ Electromagnetic Losses 9.3
Stator Core 3.9
\ Stator winding (1*2R) 4.6
Stator winding proximity 0.8
O X
; Rotor core 0.009
Rotor coils 0
Superconducting Other Losses .
coils Cryocooler Power 2
Bearings 1
Vacuum Seals 1
Total Losses 13.5
Total Losses (+20% margin) 16.2

Under 50 W Cryogenic Heat Load Expected



_Electric Powertrain Materials Challenge

Power System Weight Drivers Magnetic Materials

Improved Power Density
* OGA investment
« CAS investment

Distribution
Cables

Power Factor/Power Loss

er Conditior

« AATT Insulation
« AATT Conductors

«  AATTFi

B TEST IR EREL
10 10°

Frequency (Hz) Ohodnicki, 2015

® PFASICPIA ® PFASIC/NanoZrOz-piA.
> FFA-SIC PFA-SiC/nanozr02 6.5E+07 + . r
® ARCNT Sheet 4371 ® MLB Purified CNT Sheet 1
® ARCNT Sheet 5333 ® PDMS- AI203/nanographene oxide 6.0E+07 1 - Cu Ref. i
500 ® Nanocomp CNT Tape ® 63wk AI203/ 37 wi% PDMS E E| e
® Neat Surlyn 8940 (t=0.37 mm) ® 41203 Felt 55peo7 3 ©--20 AWG Cu
. ® A1203 Pad 60 Wt% AI203/ 40 wi% PDMS SE+07 1 H
£ 56 wt¥% AI203/ 44 wt% PDMS Neat PDMS i #— TeraCu 19-L
® surlyn (=0.88 mm) Surlyn (t=1.04 mm) . | R il
§400 ® 60-40 PDMS-SIC Lply no stack ® 60/40 PDMS/SIC 1ply s 30E+07 3 TeraCu 19-S
® 60/40 PDMS/SIC Zply ® NeatPFAS mil £ . | -
=3 ® ARCNT Sheet 5333 2) ® 2mil PFA-CNT tape @ 4.5E+07 § #-<NanoC 28 x 100 M
L Kapton (t= 0.13 mm) Kapton (t= 0.07 mm) s | ——
0 Kapton (t= 0.03 mm) Kapton (t= 0.01 mm) 94_0E+O7 3 NanoC CNT x 100
<300 Surlyn 0.13mm RT Healing-1 Surlyn 0.2921mm RT Healing-1 2z ]
g ® Surlyn 0.55mm RT Healing-1 Willow Glass (t=0.2 mm) 2 355407 1
@ ~8-50/50 hBN-Glass ERa E| o
c E|
z S 3.0E+07 2
S200 v E|
x 25E+07 4
g ]
o 20E+07 +—X==eae
i R
Willow Glass 1.5E+07 & = R Ty A X
L o 50/50hBN-Glass 1OE+07 3+t b b e
e go° e
L ® 0 50 100 150 200 250 300 350

Temperature, deg. C

15 iff: I 2
Thickness (mm) Tiffany Williams (LMN)



__Aircraft Cooling Options

Solid
Thermoelectric _Singlé phase

Applied Thermal Engineering 64 (2014) 252-262

single phaze ¢

Electrical | Thermionic

Toda

Single phase U<

Electrocaloric

single cycie

Table 1

Exergetic efficiendes of cooling technologies.

Cooling/refrigeration technology

b Parasitic losses
not included

b Parasitic losses
included

Comments

Vapor

p subcritical l’ . ’\* Vapor compression cycle 063 (e) 050 (e) Mature technology; large range of cooling capacities and application temperatures;
= L pends on mainly driven by electric energy
\F_Tn—/ Absorption cycle 0.03-0.09 () Single-effect
— 0.11-0.16 (e) Double-effect
Pulse tube 0.19-0.23 (e) Triple-effect
SCO si::'wu Heat driven cycle; solar applications: uncompetitive in many electricity markets
Mechanical 2 Adsorption cycle 0.01-0.09 () Heat driven cycle; solar applications; uncompetitive in many electricity markets
2 Nonlinear Desiccant cooling 0.07 (e) Coupled with a conventional system: not viable in all operating conditions; high cost
No phase change Reverse Ericson Einstein refrigeration cycle 0.05(t) Not feasible for many operating conditions; the cyde is not easy to realize
and Ejector refrigeration cycle 0.16-0.28 (1) Large irreversibilities related to normal shock and fluid mixing
Pumped Ericsson cycle 0.03 (e)
F ) l:-:“wr'v Evaporative cooling 0.19(e) Coupled with a conventional system; not viable in all operating conditions; high cost
UtU re (Solig effect Hydraulic refrigeration 025 (e) Large size and weight; limited progress since report of Fischer et al. [2]
Magnetic refrigeration/cooling 02-06(e) Strong ¢ degradation with increasing temperature lift; limited number of and
Thermoacoustic ,S"8e phase ,ﬁ availability of materials; large internal irreversibilities; high costs; large size; limited
Acuustlcj—/ reliable experimental results available for comparison purposes
Malone cycle 02 (e) Impractical for most working fluids since it operates near the critical point; limited
progress since report of Fischer et al. [2]
_ Single phase S04, Pulse tube refrigeration Used in cryogenics
Magnetic Magnetocaloric ~—————— Ranque—Hilsh tube (vortex tube) 0.05 (e)
Stirling cycle 02-0.3 (e) Used in low-temperature applications; low cooling capacities; high costs; large
" Moist air internal irreversibilities; limited progress since report of Fischer et al. [2]
c°°l'n§_ Desiccant Latent Thermionic cooling 02-03(t) Large number of technical barriers need to be overcome; immature technology:
Technologies Solid/liuid <0.1 (e) small cooling capacities
Chemical s L Thermoacoustic cooling 05 (t) Large size; high costs
Chemical _ Heat of reaction 003-0.21 (e)
Thermoelastic heat pump 035(t) Limited progress since report of Fischer et al. (1994)
single 0 Thermoelectric cooling 0.18-0.37 (1) Used in_niche applications; lim_i(ed a_\f.lil_.:bililyql’ high perfornur_\ce materials;
Potential Hydraulic phase —— low weight: strong ¢ degradation with increasing temperature lift
Thermotunneling cooling 05-038(t) Large number of technical barriers need to be overcome; immature technology;
small cooling capacities
Phase change  Aborption Transcritical CO; cycle Similar ¢ to conventional vapor compression cycle at lower ambient temperatures

Refrigerant +

liquid sorbent -

Thermal 5
1 Refrigerant +

{solid sorbent _

(refrigerant) fﬂL

Phase change
(refrigerant)
refrigerant)

Gas
Single

{e.g.. cool alr)
sensible 2" Lique
\ €., cool H20)

“Natural” Salid or Solid/liquid

& melting ice)
nt Twopnase (e
evaporative cooling

Fig. 3. Taxonomy of cooling technologies.

with significant ¢ degradation as ambient temperature increases; high refrigerant
pressure; high costs

(t) = theoretical; (e)

experimental.

Acoustic cooling very efficient, but earlier designs were too large and costly.




_Acoustic Heat Pump Efficiency

e

s Acoustic mechanical
work input from piston

EFFICIENCY (% of Carnot)

25

rrrrorrrr7rrrd

T T oo T T T TTIT] T T T IIry T T TTTTIT

& Stirling Cryocooler
O Pulse Tube (Stirling-type) Efficiency
T=80K

v Gifford-McMahon

@ Pulse Tube
(GM-type) e}
05W \"w
@80K

¢ Turbo-Brayton
O Mixed-gas JT Gifford-McMaho

]llll]llll]lllllllllll

4-valve

10°

10" 102 10° 10*
COMPRESSOR INPUT POWER :

Reject at
Higher Temperature
Ol Ieservo
Thk) | Tek) | K9 | Qout(w) | Workin (W)| Qin (W)
- 400 | 300 1:3 | 1000 250 750 [
’ 600 300 1:1 1000 500 500
900 300 2:1 1000 | 666.66667 | 333.3333
{} 1200 300 3:1 1000 750 250
300 50 40:1 1025 1000 25
010 1eservo

More input acoustic power required as the heat lifted from the cold

reservoir increases and/or as temperature gap increases



~Thermal Management Limits

Dumping heat into:
« Fuel (limited 50 kW)

+ Quter mold line
(limited 300 kW)

« Ram air

e

1% Hot Day

Total Penalty

Total Penalty

Standard Day

Total Penalty

Recirc back
| totanks

Motor
IcC 3 ‘ Motor .
HX

,.L‘!"iiiil

ICC2 . GEN2

— 97% Efficiency
— 98% Efficiency
99% Efficiency

Total Penalty

3500NM 5.00%

3.62%

(zero exit (non-zero exit (zero exit (non-zero
Velocity) velocity) Velocity) exit velocity)
900NM 4.98% 331% 2.76% 2.36%

3.01%

2.57%

Electric Aircraft Propulsion Thermal management technology impacts performance and safety certification
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2 Location——Acoustic Cooling

: ~ |llu,““‘~ HeagPi_ps.eWing
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bt " S8 Red Embedded
RS .—“.' T Branched Heat Pipes

: ._ .""3:“‘“,; Tagy ’ L Q!J
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Acoustic Heat Pump
OHP Heat Collecti

High-temperature
heat pipes

Entire Suite of Electric and Thermal Technologies Invented, Designed, Built, and Successfully Tested as a System




TRL-4 Integrated Capstone Demo

Includes 5 new MW-scale and Aircraft Sized technologies:
1. Aircraft length thermosyphon
2. Aircraft engine compatible high temperature thermosyphon

(1) Ti-H2O Thermosyphon
3. Loop thermosyphon for MW-scale breaker (replaces pumped

(ACT)

(2) SS-K High
Temperature
Thermosyphon
ACD  (3)Loop -

Thermosyphon  (4) 1-MW Circuit
(ACT) Breaker (NPS)

(5) Thermoacoustic

P Heat Pump
‘ (ACT and NASA GRC) ’]

Y

Stage 5

Liquid Nitrogen |
tanks

— Circuit Breaker

ulation wrapped
in Aluminum foil




Circuit Breaker and TMS Form Integrated Solid-State Safety System

Ob- ectives Switching @ 5 I kft: Vg,,=2000V, L ,=25uH, Positive Polarity Chamber Thermal Test Results: 51 kft, 03/08/23, Annotated
» Develop advanced circuit breaker technology s
+ Execute TRL 6 demonstrator of 2kV, 1kA, 100 kW/kg, 99.3%-99.8%

efficiency, 10-500 uS response time with 0 to 50 uH powertrain
inductance at 35 kft

« Design and build a full fault protection system based on the advanced
circuit breaker

s TR IERINIE
Qo EERRRRTRRIE

Accomplishments
» Achieved all objectives on time and within budget

« Established new standard for aircraft solid-state protection that is 10X
faster and 10X lighter than state of the art solutions

+ Eliminated need for heavy inductor by leveraging inherent current
saturation of Si IBGT with reduced gate voltage controls

+ Uses completely open source components for broad availability to
industry of this technology

Significance

+ Enables extremely fast response transport-class aircraft electrical
protection of passengers, aircraft, and powertrain.

« This advanced protection capability is an important next step in the FAA
certification of electric aircraft propulsion for transport aircraft.

TRL-6 Full voltage and current switching and thermal test at 51 kft completed



_Solid-State Fault and Thermal Test Data

()
[c22 \[f I] Fill tube
Condenser
" |®|[Fczd
Cooling
. jacket
TCHRT ¢
Te2s ||
TC 27|
TC 28/ TC#1-20 | = . Thermoc?lsples flttached to the LTS.
Tc 29| | ‘E are selectively wired to the DAQ unit.
o 3:2 8| * Four RTD’s are attached to the cold
g plate at the top and bottom near the
TC33
— center.
Drain tube

Measured SSCB Temperatures

Codlant Inet Temp.
—— Cooiant Ouiet Temp
Coidplate Outside Top Temp.
Coldplate Outside Bomom Terg
3 Caidplate Irsde Top Temp
—— Caidplate irside Botiom Temp.

3000 4000 5000 6000 7000 8000 8000 10000
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—— Meosred Do
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- -!J-r-n..nnj! e s “S— Magna Power
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g 208  SOA LA — 5% ose mmw  new |/
Y e | my e e A 04w 1407W '
na er
A o 07w 4B3W T,

Turned On

2000 8000

Seconds

* 20A ---- 50A ---- 100A ---- 150A ---- 200A ---- 250A ---- 300A ---- 350A

Passive Cooling Eliminates Failure Modes and Adequately Cools the Breaker at 2 MW Full Power



Next Step For Commercial Aircraft Integration

e p—

Solid-State Exergy Amplification
— No moving parts

— No pumped fluids 3 - . /
— No increased drag . — : ii ' i / e
— Maximize specific power = / Koo —
— Improve powertrain efficiency

— Recycle waste heat
' Ambient and Superconducting

@ Power Electronics
A Acoustic Cooling

2 Heat Pipe Wing
’

o De-icin,
btz 1) e Red Embedded

Branched Heat Pipes

High-temperature
heat pipes

Acoustic heat pump A Terarineal B
;i:| irci eat sources

Generatoy
2
#3

)
ey

Heat in at T, g,

Heatoutat T,

W Acoustic loop powerl

[
&

load I

High Power Wave Generator for MW-scale Cooling



Combining Power and Thermal Together




Closed Strayton Basic Concept

= C
-8 e - Post-combustion
%)
i ; S / \.‘ == e ~ )}
* Multifuel Flameless External Combustion £ |j Atmosphere Exs Bk
* Low or Zero GHG Emissions S l P -
* Quiet E | g
. . Pl o Pre-combustion g::;e‘ﬂ:g,

* No Maintenance Long-Life X Generates

» Very High Efficiency -m i

* Very Compact
Modular and Scalable
Sealed from harsh environment
Synergy with other markets

¥ Cools turbine,
coils and bearings
. Generates power
\

aui3u3 pajess

Combine Compact Closed Brayton with acoustic Stirling Turbine Cooling and External Multifuel Flameless Oxidation



Acoustic Turbine Cooling Enables Multi-fuel Zero-Impact Propulsion

2100 -
i | | " O Representative selection of glir(‘!c;?\g?ejr ;;%Igle Wit
t | ‘g’, M u Iti_ Fuel operated industrial CCGT metallic, ceramic, or e &
i | 3000 ~ coated carbon/carbon
! i | E ® Notable CCGT plants Composite iroine blades —. St rayton
1800 ~Fl z less T T 2_ 1 Coburg, 6.6 MW(e) A’*._
; | £ {FRG} coal-fired plant 4 T
< ] E U2 et ) mgmea 1
-’ 1 | turbineplant, e egime -
& 1500 P 1Y : * A1 ': L B {FRG} goke-cwen ﬂréd) opegraling - il
= — | ki) 2600 - 23 Garrett CCGT 5000 200 W) s
- ] —_—— : turbine —. . /|
‘E 3 — SIS w D vice)pant (LSAL Al /< Next generation /11400 |
$ 1200 ‘ p il o S M) o Bl i
> iti 5 utenomous e cas ines
I~ AUT?‘_ ::2:;;110" 0 = 22400 F  plant (UIS) LNG fired 41300 £
— =] ® ®
= 2 © ©
- | 7 @ o
= | ! 'y g 3 ] £
E Saa 1 = © g 2200 - ,?Qf?ugﬂs Projected regime 1200 E
5 | | { E S in g / oF L7} el wilh ceramic heat L
1} ear | ~ - - o . source exchanger w
B |Ignition Boundary < be| 2 — i 11100 2
| | | = - / =
600 1 t | 4 . ’ o Experimental ) i 2
Non Combustible £ 32 kW(e) High-temperature /£ Ultimate £
| i = . argon CCG:I' helium test V. performance - 1000 =
| Fran - g " P Cioagg B |8
it { , | { CCGT for ) J
- 3 29 D) me .
0 3 6 T 18 21 24 2 30 e pountr Brayton Projected | 900
/002 In reactants —p 1600 = @ = initial operation
x . of GT.MHR
100 97 94 91 88 85 82 79 76 73 I ~ plant - 800
<— % Dilutants (N,+CO,+H,0) 1400 |- B toeT /
2 Q/IW(e] plant '—Apprummate upper
limit for metallic - 700
Table 1 A g heat source exchanger
Qualitative comparison of different combustor types. 1200 - o C\orbsed cycle gas
turbine trend 4600
— Neuchatel
Combustor type 4 MW(e) gas turbine plant
1100 I L | 1 I I 1 I

1
Leandirect RQL Flameless- 1940 1950 1960 1970 1980
injection based Year

Lean premixed 1990 2000 2010 2020 2030

Combustion efficiency ~ High High High High
Combustion instability  High Low Low Low

Fuel flexibility Moderate High High Moderate
Integration into engine  Moderate Moderate Easy Difficult
Mechanical complexity Moderate High Moderate Moderate
NOx emission Low Low Moderate  Ultra-low
Operating range Moderate High High Low

Soot emission Very Low Low Moderate Low

Volume requirement

Moderate Low Low High

Combustor Efficiency and Emissions Improves Significantly



Fuel Flexibility is Key for Infrastructure Compatibility

Aviation fuels Propulsion systems Climate impacts

Conventional —
Conventional jet fuel (avg)
—
Advanced® | L ' ‘ P
Drop-in blend PtL Conventions! i
50% blend = ASTM compatible _ .
Drop-in unblended PtL Conventions! . | g

100% PtLwith aromatics

_ Advanced® i | -
Non-drop-in PtL

T00% Pilw/o aromatics

Advanced® + lower flight level

Advanced*® H, burn
LH;

100% liquefied hydrogen

Advanced* + lower flight level

20% 40% 60%

Normalized Cmate Impact

80% 100%

CO2impact ®mNO.impact ®Watervapour » Contrails

Recent studies indicate synthetic fuels may be cleaner than hydrogen fuels



_Scalable, Modular, Extensible

Altitude Environment Harsh Environment

~ " — e e e
\,.S : ” = Trz:sonk Supersonic -
= * Mach>1
e 30:1. 80 o core * 1:10fan to core

* Ramjets

Closed Strayton
Quad Generator

Sealed System Supports A Wide Variety of Environments and Applications



Multifuel Flameless Combustion (MFC)

* MFC enables the use of any fuel which is key to transitioning
from fossil fuel to new fuel sources

Emissions

* External combustion and MFC significantly reduces
emissions even with fossil fuels and enables zero G
emission with hydroge

-

Specific Work

Zero-Climate-Impact, Multi-Fuel, Efficient, Quiet, Integrated Power and Thermal System

Pressure Ratio



CSQG Key Takeaways

CSQG enables the unusual benefit of zero climate impact with superior vehicle performance as outline below:

v Scalable and Modular with benefits that apply to any vehicle and power level.

o Stackable and compact closed cycle generators

o Avoids an abrupt S-curve change in technology and budgets.
A -y MRS —
s ~id di .“l:.

“den.



 Maximum benefit with electric aircraft is achieved by integrating at both the
component level and the system level.

* Superconducting enables flight-weight, high efficiency at MW-scale

 Solid-state Fault Protection is required to protect sensitive IGBTs in the powertrain, E
but it requires constant reliable cooling.

* Traditional pumped fluid cooling systems fail, and this would result in not only the destruction
of the fault protection system but ALL power on the electric aircraft would be impacted.

 Passive Solid-State Cooling has been demonstrated with a 2 MW breaker in a
representative full-scale single-aisle configuration

* Closed Strayton Quad Generator naturally combines both Power Generation and
Thermal Cooling while achieving zero climate impact with flameless combustion.

* Near Term Challenges include:

* Flying MW-scale demonstrators to validate ground tests
* Demonstrating 5-10 MW partial superconducting motor followed by fully superconducting
* Confirming turbine acoustic cooling, compact heat exchangers, and flameless combustion integrate well







