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Some Preliminary Facts @

Sources: Bureau of Transportation Statistics, Department of Energy/Energy Information Administration, Environmental Protection Agency

The U.S. Consumed (Converted) 97,330,000,000,000,000 BTU of Energy in 2021

» 79% from fossil fuels (petroleum, natural gas, coal)

* 68% from petroleum and natural gas
* National & Economic security

* Pollution

* Climate Change

Resulting Issues

The Response Equivalent to 6.7
*Alternative fuels (biomass, efc.) 12% gallons of gasoline
*Alternative conversion systems (wind, solar, hydro, efc. used by every U.S.

*Conservation/ EFFICIENCY (use less) citizen EVERY DAY!

Today’s Presentation Is All About This Response
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Gas Turbines Constitute an Astonishing 15% of Energy Consumption
* 3.7% from aviation
» 11.8% from power generation (and growing if coal gasification and/or
combined cycle plants are more fully implemented)

A mere 1% improvement in the thermodynamic efficiency of our gas
turbine fleet is equivalent to installing nearly 20,000 commercial wind
turbines.

Two Reasonable Conclusions:
Technologies to Improve Gas Turbine Performance Are Important
Those Applicable to Both Aviation and Ground Power are Critical

AIAA Short Course 2022
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Pressure Gain Combustion is One Such Technology

PGCT: A fundamentally unsteady process whereby gas expansion by heat
release is constrained, causing a rise in stagnation pressure” and
allowing work extraction by expansion to the initial pressure.

tThe term “Pressure-Gain Combustion” is credited here to the late J.A.C. Kentfield
*Conventional combustion incurs a total pressure loss

Resonant Pulse Combustors (RPC) Are a Practical Implementation of PGC
(When Combined With Ejectors)
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Motivation

Fan AP>0.0, P4/P3>1

PGC for Gas Turbines
Two specific engines considered
Ty, T, fixed for turbofan (BPR varied)
T, fixed for turbojet (T, varied)

ompressor Turbine
Constant Specific Thrust
1 2 0 C Engine Parameter Turbofan | Turbojet
10.0 _ —Turbojet 1k OPR 30.00 8.00
= . — Turbofan L e 0-90 0-90
o 80 Ne 0.90 0.90
"g Mach Number 0.80 0.80
5 6.0 | T (R) 410 410
cq[) T/ Ty~2 T ombueor ot (R) 2968 2400
O 40 ; Burner Pressure Ratio 0.95 0.95
(L,'3 20 F T,, (Ib-s/lb,) 18.26 75.86
B SFC (Ib, /hr/lb;) 0.585 1.109
00 =———7———————— Many Other Studies Available
Combustor Total Pressure Ratio :é‘:ﬁA'2004'3396
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Motivation
Resonant Pulse Combustor-RPC
(aka Conflned Volume Deflagration)

,,,,,,,

FEATURES:

* Self-sustained operation
* No spark plugs (other than for starting)

* Only one moving part

* Relatively low unsteadiness amplitudes
* Lower thermal and mechanical stresses
« Effluent easier to smooth
* Fewer potential issues for downstream turbomachinery

*Readily operates with liquid fuels (gasoline, ethylene, kerosene)
» Effective lean operation (low T,,’s) with bypass ejectors

* Unequivocally a pressure gain device
* Only known PGC system to operate under static conditions
CAVEAT:
*Only Modest Pressure Gain is Possible
» Confined (not constant) volume combustion

Practically: Features May Outweigh Caveat — Even Compared to Other PGC Approaches

Operational RPC Video
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How Do They Work?
RPC Basic Thermodynamics

Like all PGC Devices RPC’s:
Are periodic m

*Are fixed volume

*Produce work availability directly from chemical
energy

Often described as:

A Lenoir-like Cycle Executed Without Pistons Patented 1860
First commercially produced I.C. engine

Lenoir Cycle:
* Isochoric Heat Addition e i K
« Isentropic Expansion N == IR
* Isobaric Heat Rejection \ :

AIAA Short Course 2022 www.nasa.gov
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Basic Thermodynamics — Non Piston Lenoir Cycle

Low High
Ideal valve \deal Nozzle femperste Ambient
Notional RPC Device pressure
air & fuel B = —)
Slow chamber fill with Instantaneous reaction at Isentropic chamber
reactant constant volume blowdown to fill pressure
45 ¢
r 'Y:14
S P/P5=3.8 momentarlly L2) _First 20% of charge __
3.5 | Fuel generic hydrocarbon - Next 20% of charge
- R T PGC KE
30 - @@ 3
oo RO b ocTasdahotchas
25 | o g
— - (\6\0,/ /
20 °© SOl RPC Features
. e Conventional * CV-like heat addition produces
i o nerant P - Lenoir availability
1.0 ® « Availability manifested as KE
05 - T — * KE is non-uniform (unsteady)
0.0 0.5 1.0

Normalized Entropy

Confinement During Combustion Is Good

» High, but brief pressures &
temperatures

« Same mass averaged temperature
as conventional heat addition
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How Do They Really Work?

RPC Basic Cycle
lllustrated Schematically

Kentfield, J. A. C., Nonsteady One-Dimensional, Internal, Compressible Flows, Oxford University Press, NY, 1993

FUEL SUPPLY

/)
=

i

IGNITER PLUG

P —

1 INITIATION OF COMBUSTION:
INLET VALVE CLOSING

3 VIGOROUS OUTFLOW FROM
TAILPIPE

=5

5 INDUCTI

EECETREE

ON CONTINUES, WITH

FUEL, AIR AND RESIDUALS

MIXING:

INFLOW INTO

TAILPIPE

Jo—=7
2 COMBUSTION COMTLETE, FLOW
IN TAILPIPE

:tngE;:f%
4 INDUCTION, OUTFLOW CONTINUES
FROM TAILPIPE

it

6 RE-IGNITION: CYCLE THEN
REPEATS (COMPARE WITH STEP 1)

More Complex Than Just
Fill>Burn->Blow
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How Do They Really Work?
s ere Vaive RPC Basic Cycle
- Q/_/ lllustrated Using a Validated 2D Axisymmetric Simulation
Validated CFD Video of RPC Operation

RPC Couples:

« Strong acoustic resonance
(i.e., finite amplitude waves)

* Helmholtz resonance

* Mechanical resonance (in the
valve)

Valve fully open ' - \Vortex dynamics
« Chemical kinetics

Valve opening start R - Droplet breakup, vaporization,
N and transport dynamics

Valve fully closed 7

Valve closing start

Combustion Chamber Pressure
N B B e ————a TR p/(gama*pref)

ez | 12 Key Takeaways:
OO ARATI 0.9 i ' Geometrically simple but
T\ | LA AL 05 | fluidically complex
SRYA\/aAL A, ' (({i" - Confinement during heat

release is only partial (not
true CV)

e » Optimization is non-trivial
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Experimental Investigations
Ejector Mixing and Pumping Optimization PIV Measured Flowfield Video

7
ZCeII = p——
Ejector S = Im ' T .
For Gas Turbine % Puiseet i T = B
i i - uel line Thrust plate ) 1 .
Application: - o * 18:1 and greater entrainment ratios

-Low effective o » Thrust augmentation ratios up to 2.0
equivalence ratios (i.e., « Velocity fluctuations reduced by 83%

Ejector Entrainment Vi(_:leo

\

p--====-—

L

limited T,,) required 2 ‘ ‘ Z
* RPC difficult to run lean Closed Loop Operation in a Gas Turbine
- Effective bypass Pressure Gain in a Shrouded Configuration A
strategies are needed Pl Tank Prossaraation ine o [ N 2

Starting Air Llne AP Heating Coil 1o Temperature Turbocharger
= Total Pressure Shroud ) Total
/ Start Air I} Temperature

= ﬂ - Laser= \
Airfiow x, """""" % — 5 5
Pulseie Eject :
‘ Pe,ﬁi@ e || = ] 1 / Optical speed sensor—" 1 1 SQstartair | |Load Cell
- - i I - - T oil

I.j I E \ Fuel Tank Pressurization Line
Fuel \ Struts 7 Starting Air Line AP
Total Temperature - - TmalF-ressure!iq / / Shmud\ -
il m i -
Static Pressure Static Préssure \:E: Air flow x Jl = ! — % .-\_1 Thrust plate
Perforated Liner— | LXTA, 1 - | zedl
* PR=1.037 @ TR=2.2 Tota Pressure = e Tah o w T
, o . Total Temperature Total TemperalureFue\ N Struts 4
*rms p'/P=4.5% in the shroud 3 .
Static Pressure

* Successful operation at 2 Atm. inlet pressure

Static Pressure

All Work Done With COTS Hobby Scale Pulse Combustor (Pulsejet)
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Experimental Investigations @
120

Results: 12 ‘ Spafkomﬁimff :
. . Q 5 —a—thrus A ]
» True closed loop operation @  *Demonstrated Benefit S f T Xf %AA - 100
. . = A, §
SLS » Turbine slows and stops with g8t o - - S 3
+ All air supplied by compressor conventional combustor at S 6k b A =
Tr/T L freastas 8
® (Pt4/Pt3 = 1)=35% @ Tt4/Tt3=2'2 same Ti_n Cout . _g_ 4 - (?).
« Sustained operation on liquid *-20 dB noise reduction g 2 |
fuel across turbine stage | o P A
+ Limited only by COTS reed valve *4% rms p’/Pg, at turbine 1400
1300 —a—Ty
» Successfully produced thrust inlet 1200 | ——T
l g 1100 f & To
21000 f . Tw
g 900 ©
IS
3

APIPy, %

0:00 - 0:30

Without Qualification...It Works!

Time, sec.
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How Do We Make it Work Better?

Numerical Modeling
Appropriate Approach Depends on What is Sought

Linear System: 1 [
*0-Dimensional Electrical Circuit Analogy (including transmission
line)
» Operational frequency
* Techniques for synchronizing 2 or more units
Computational Fluid Dynamics (CFD): =
* Quasi-One-Dimensional 3l B
* Operational frequency g o
 Performance % 3
* Limited geometric optimization Q Py
* Two-Dimensional Axis-Symmetric = %
* Operational frequency % c
« Performance < §
» Geometric optimization
* Kinetics
* Mixing
* Ejector optimization (and coupling)
* Conjugate CFD & Mechanical
« Everything above plus valve dynamics N

Several Recent Efforts Have Landed Here

AIAA Short Course 2022 www.nasa.gov
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Numerical Investigations
What Happens to RPC at Representative Py;, Ti3?

Approach:
*Use in-house 2D axisymmetric CFD code Valve fully closed
* URANS with several turbulence models
* Contains detailed chemical kinetics
* Adiabatic
» Gaseous Jet-A fueled
» Successfully applied to PDE, RDE, and SCRAM combustion
* Pressure actuated, prescribed motion slide valve simulates reed
*Validate on atmospheric tests of experimental RPC
« Compare thrust, mass flow rate, pressure traces, frequency
*Run at 10 Atm., 990 R inlet conditions
* Optimize for maximum pressure gain at T,,/T;=2.0-2.5
* Fuel injector location
* Inlet geometry Valve fully open
« Combustion chamber size
» Combustor length
* Ejector/mixer parameters (length, position, diameter)
* Monitor emissions
» Seek lowest index with largest pressure gain
* Seek minimum size

injector

CFD as Predictive Design Tool

AIAA Short Course 2022 Wwww.nasa.gov
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Numerical Investigations
Results To Date

CFD Video of RPC Operation Inflow Vortex Motion is Key
Combustion Chamber: Ejector: Temperature contours (top half) and fuel
Length Length mass fraction contours (bottom half) at various
Diameter Throat Diameter times during one cycle (¢ = 0.72).

Contour Contour a) 1=0.0 m

. B

b) t=0.5 ms
Fuel mass frac

Fuel injection: 010
Placement 0.05
Timing

Self-ignition via residual hot gas

Rapid confined combustion Efsgym

S
o
>
)
P

®

Qg
c

S
£
®
®
O
—_
<
l—

-0.00

* Emission Index < 10 gyox/K9s,e
» Lower pressure gain configurations showed
values below 1.0!
*(Pu/Py - 1)=3.3% @ T/T=2.4
* Alarge improvement considering T;;=990 R 01=25ms
* Relatively benign station 4 conditions
* 1% rms p'/Py el |
*23% rms u’lu,
*1.7% rms T[T,

Expansion/acceleration  BYeelE
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Numerical Investigations
Results To Date

CFD Video of Compact RPC Operation ™,

5.0
29

09

Zoomed CFD Video of RPC Operation

Combustor: Ejector:

Tailpipe Length, -4.0 in. Length. -2.0 in/
Temperature

D

Fuel mass fraction

Valve:
Slew Rate, +33%

Throat simulates NGV b.c.

* Emission Index = 13 gyox/KGsel
* (P /P - 1)=5.2% @ T,,/T5=2.1
* A large improvement
» Odd double period results
* Large pulse followed by a smaller one
* Results indicate strong acoustic interactions
with shroud

P'p,
-
|

o NEPIF PR WU P PSS PO P SN O S
-0 5 2 25 30 35 40 45 50
Time (ms)
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Ongoing and Future Directions

Life Extending Techniques
Alternative Valve Concepts for Existing Reed Valves

Temperature

(Currently In testing in 2022)

Fuel Mass Fraction % *

* Minimum length and diameter configuration
» Computational
« Turbine interaction studies Active Fuel Modulation
» Computational o '
* Active air and fuel valves
« Still in planning stages
* High P, T; testing facilities
« Still in planning stages
» Gas turbine engine integration studies
* Aircraft GTE’s are length constrained
* Turbine cooling air studies
* Any PGC system for GTE’s must deal with this

AFRL/NASA - 2009
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COMPRESSOR-OUTLET DIFFUSER
HETURN BEND
(RECTANGULAR
CROSS SECTION)

F FUEL PIPE

IGNITER
IGRITER PLUG
ACCESS

]
il AXISYMHETRIC

el SECONDARY-FLOW DUCT

AIR-INLET

PLEMIM
AHNULAR-TO-RECTANGULAR
CROSS SECTION DUCT (TD
MATE WITH RETURN BEND)

Inspiration From the Past

COMPRESSOR

DELIVERY

RESTRICTOR PLATE

Related Work

Inlet Planum Wiicionint e

Fuel Line

TO

Y

COMBINING CONE

University of Calgary 1989
Excellent Kentfield, J. A. C., Nonsteady One-Dimensional, Internal,
Reference! Compressible Flows, Oxford University Press, NY, 1993

Results:
* Achieved pressure gain
* Using a valveless design
* Operated closed loop in a
gas turbine

TURBINE

2¢
el

e .mi % ;__ e
e _

&®

Pressure
Transducer

f Combustion

oo Tail Pipe

DOE National Energy Technology Laboratory, 1993
Gemmen, R.S., et. al., “Achieving Improved Cycle Efficiency Via
Pressure Gain Combustors,” ASME 95-GT-63, June, 1995

Results:
* Achieved pressure gain
* Using a valveless design
*Operated at high P, Ty5
« Achieved very low emissions

These Are Just Two of Many Significant Previous Efforts

AIAA Short Course 2022
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Recent Related Work @
Images Courtesy of Whittle Laboratory and Rolls-Royce, Prof. Robert Miller

Streamlined
strut

* Engine integration
* Defining and optimizing pressure gain
» Optimizing combustor/turbine interaction

AlAA Short Course 2022 www.nasa.gov
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Current Related Work @
King Abdullah University of Science and Technology, Prof. William Roberts, PI

Motivation B
7 T Downstream
Stagnation Rake

Optical Access

* Resonant pulse combustors (RPC) have been widely employed in

domestic and industrial heating applications. ; L e e
| . % ) G { e
* Replacing isobaric combustor with an RPC could significantly ‘v‘ ‘
increase thermal efficiency. ‘ '
+ Deflagration-based RPC is much easier to integrate with gas & ‘ ) o probe
turbine components than detonation-based combustor <"
Unsteady Ejector s

(not shown) o
T Active Valve

+ Traditional passively-valved RPCs suffer the very short operation T et
durations. e Combustor

Objectives

+ Design a robust actively-valved RPC for very long operation
duration

* Understand the stagnation pressure gain, operability, emission of
actively-valved RPC operating at different pressures

* Understand the operational principle, stability characteristics, and
other physics in the RPC..

KAUST actively-valved RPC high-pressure test rig

www.nhasa.gov
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Current Related Work

-]

King Abdullah University of Science and Technology, Prof. William Roberts, Pl
Actively-valved resonant pulse combustor (RPC) for pressure gain combustion

Actively-valved RPC operating
under atmospheric conditions

Actively-valved resonant pulse combustor (RPC)

DC drive motor

Thermal mass flow controller Testo gas

analyzer

Resonant pulse
combustor Stagnation rake

Ejector

Gas sampling
probe.

Startin,
air 2 Magnetic encoder

©

Differential pressure

Thermocouple
® conditioning
on pri 6 and DAQ

Schematic of the KAUST RPC high-pressure test system

Hig

h fidelity large eddy simulation:

OpenFOAM

Moving mesh
Compressible
Acoustic/heat release
Chemical reaction,

Low dissipation numerical
schemes, etc...
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Current Related Work
King Abdullah University of Science and Technology, Prof. William Roberts, Pl

Pressure ratio (PR) as a function of
ethylene flow rate

Frequency (Hz)

Power spectrum density (PSD) at near
blowoff condition

Je gty fg-m2- cyee”)

Stagnation pressure gain as a function

of ethylene flow rate at different

JeH, g M2 cyce ]
NOx emission (corrected to15%
oxygen) as a function of ethylene flow

Results
. i A i 3 T o : 7 T
A npvel actively yalved RPC was designed oo At b TR -
» This novel RPC is robust enough to assure very long »s | - Ceery iy - ! Solivery e
operation duration as well as broad operational g = s . g
I'ange f 21 E g ’7‘: ? é Stable resonance 3
* Meaningful stagnation pressure gain and low NOx 2 sl G : 2 5 i g
was achieved at different pressures < £ : < & .3
» Stability characteristics was quantified with a PSD o3 Lean imit !
ratio, which can be used for early prediction of i e ey - g M
bl ﬁ; 250 260 270 280 290 300 310 320 330 250 260 270 280 290 300 310 320 330
owo Inlet valve frequency [Hz] Inlet valve frequency [Hz]
Stability envelope of the RPC under different pressures
Out-shroud | In-shroud
1
Operating power, KW 1
1.022 i £ A el 52 ) 1.2 : e ! g[b::l — o R
285.Hz O 295.Hz © | = I 1005 | gﬁ_?,a,]] - 100 10 parie=—
[ 290.Hz = 300.Hz * e gom Mo - I o {bar] -~ 3bar
1.02 «® o0 3 P2 1004 o l
om® o 2 5 - 11
1018 “-: . 30’8 : & 1003 £ 3 3 é i
x o 2 o6 ji 5 2 60 + t ¢ ’ 1
1016 - B | § 1002 g 4T g }i y !
) %04 'S 1001} Lell " 4 é H
1014 fo A E | & REEE e i
252 I 1t # 20 H
L — ‘ P | 0.999 Y Y S ] - :
- o Ifr'gu_, .lkiz-:n'z-cycie'-'}z > = 00 100 200 300 400 505" 600 : 1 12 14 16 18 2 22 24 28 1 12 14 16 18 2 22 24 28
1
1
1
1
|

pressures

rate at different pressure
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Current Related Work @

University of Cincinnati, Profs. E. Gutmark and V. Anand, PI’s

Effects of Geometric Parameters on Performance

g o e BT FL S i Thermocouples

- N / * |Instrumentation
E Positions:
— 4 PCBs
M — 4 1on Probes
- 3
1 2 3 4 Thermocouples
. — 1 Load cell
Variables:
« Combustor Length (diameter = 5.9 cm) SC-MT-FF

— Short (SC)=13.1cm
— Long (LC) =15.7 cm

» Tail Pipe Length (diameter = 2.7 cm)
— Short (ST) = 25.4 cm
—  Medium (MT) = 40.7 cm
— Long (LT) =56 cm
 End Flare (3 cm)
— On(FN)

1 1.("!5 1.1‘“ 1015

Pragaure (Sar)
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Current Related Work

University of Cincinnati, Profs. E. Gutmark and V. Anand, PI's

Experimental Flow Visualization

Video: Broadband high speed chemiluminescence

Headwall

Reed ,-/:Q
valves

0.9cm ’3'6

Air orifice
(2 mm)

Gasoline
tank
(unpressurized)

Video: Sehlieren

Fuel orifice

(1 mm) Combustor

SH

b

; ‘Q-J’
Video: reed valves
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Concluding Remarks
Resonant Pulse Combustion (RPC):
*Represents a promising approach for achieving practical Pressure
Gain Combustion (PGC)
*Has features which are well suited for gas turbine applications
* Relatively low unsteadiness
* Demonstrated approaches to achieving requisite overall lean operation
* Few moving parts
* Relatively low thermal and mechanical stresses
« Self-sustaining
* Low emissions potential
*|s a remarkably well-developed concept
* Liquid fueled operation
* Demonstrated pressure gain
» Demonstrated benefit to gas turbines
*Has potential for high P,5, T,5 operation
«Can be practically and accurately simulated using CFD
* Presents multiple opportunities for improvement and optimization
that are achievable with current technology

PGC Through RPC Warrants Additional R&D
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END
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