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« This work was funded by the Department of Energy, National Energy
Technology Laboratory, 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, tfrademark, 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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Background - Pressure Gain Combustion
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Rotating Detonation Engines

Motivation

* RDE:s offer significant efficiency and COE benefit: Internal
systems models suggest 4.9% increase in GT Efficiency
(LHV) and 1.8% increase in Net Plant Efficiency (NGCC
with H-Class RDE-GT Hybrid).

* Alternate and additive pathway to efficiency improvement.

* Creates a new class of machine reducing COE.
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* Bulk axial flow with circumferential
detonation wave

* Detonation wave, once initiated, is self-
sustained.

* No moving parts — No complex valving
required at the inlet compared to PDE’s

* Potential for low NOx
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RDE NOx Emissions

Problem

* NOx emissions from RDEs is not well understood and very little data 1s available.

* Most RDE CFD modeling approaches ignore turbulence-chemistry interactions, and many
ignore viscous effects. Deflagrative burning not predicted well.

Approach

* Experimentally characterize NOx emissions from a water-cooled RDE over a range of
equivalence ratios and back-pressures.

* Assess the ability of a zero-dimensional Partially Stirred Reactor (PaSR) model with
detailed chemical kinetics to capture the physics of a Rotating Detonation Engine.

* Validate the PaSR model using new experimental data.




NETL Water-Cooled RDE N= e oo

Hydrogen-Air TL LABORATORY
Guide Vane

T H%ﬁ‘]“ouﬁng ID =128.5mm
fmemvemee  OD = 148.8 mm

y

Refractory lined

% ducted-exhaust Pintle Style Injector
(120 x 0.75mm
contralahie holes)

Typical Operating Envelope

Air Mass Flux T. Pb .
k 2 o1 air ac
LA K] [kPa]

Water-cooled

ducted-exhaust 0.45,0.6 101.3,135
0.75,0.0 100475 "1940 540
toambient 0.45,0.6 101.3, 135
?ptécalwmqow g 200 075,09 ‘%472 170 240
or down-axis s
imaging N 0.45,0.6 101.3,135
o Wy . 625 075,00 100475 126940
RDE Fuel / Air Inlets
650 045,06 400,75 1013,135
. 0.75,0.9 170, 240
* Maximum back-pressure of 20 atm. ‘
* Typical test time of 20-30 sec. H2

* Thermal equilibrium reached within 10 sec.
* High-speed pressure, OH¥*, Ions, Imaging, Calorimetry and steady-state gas sampling (02, NOx).
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Experimental Results TL [Ecimomoey

NOXx Emissions 0 NOx Emissions (ppm - Corrected to 15% 02) LABORATORY
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Eauivalence Ratio

* NOx emissions increase with increasing equivalence ratio.
* NOx also increases with pressure, consistent with constant pressure combustion.

* Single digit NOx observed over range of operating conditions.
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ANSYS Fluent

Hybrid mesh with polyhedral cells in manifolding and injectors and hex cells in annulus.
ANSYS Fluent pressure-based solver. Mass flow inlets, pressure outlet and 300K walls.

LES with BCD for momentum, 2°4 upwinding for scalars and 1% Euler in time. Dertived from 1D
detonation simulations.

Sandiego H,/Air mechanism with nitrogen chemistry.

manifold injector combustor diffuser P. . (Pa)
Ax (mm) \ \ A | tot

2.50 \ \l \l \ 3.78a+05
226 S | B | 3 450005
2.01 = VD ba . & 3.17 8+l
1.76 AX b 2.97 8405
15 air Cross-section of mesh size 2 57 s 05
. Nominal 0.5 mm mesh 2 268405

T inlef " -

103
0.79
0.54
0.29
0.05 3x fuel

inlets ——

1.96a+05

P 1.66a+05
» = ot — —
-:: 1.05a+05

7.50e+0d
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Early Modeling Results

LES with No Combustion Model

* FLUENT LES, 10M cells (0.5 mm)
* 1stddt to prevent overshoot
* SanDiego mechanism

* 19 species / 64 reactions (H2/Air)
* Includes thermal, NNH, NH3, N20O and

NO2 chemistry)

Run 4 .5 .00973 .5807
Run 12 725 01191 5621
Run 15 .894 01362 5218
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—&— CFD (no comb model)
—&— Experiment

80

60

40

NO (ppmv, wet)

20 A
130

331 431 133 0 . . . .

330 432 131
phi

055 060 065 070 0.75 080 0.8 090 0.95

Ignoring turbulence-chemistry interactions results in severe over prediction of NOx

emissions, even with added dissipation to prevent numerical overshoot/oscillations at

detonation wave.
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Partially Stirred Reactor Model N=[Namona:
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Developed by Magnussen, Chomiak and others...
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* The PaSR model assumes that each computational cell is comprised of both reacting

and non-reacting zones where mass is exchanged between the two through turbulent
mixing.

* Source term modification through ratio of turbulent mixing to chemical reaction
time scales.

* Detailed chemistry with stiff ODE solver and LES approach.

Source terms . . LES Turbulent mixing time
ok w0 Partially Stirred Reactor k J 1.5
- p(Y; _Yl) Tmix = Cmix = €= (g
w; =K - £ A

C,.ix assumedto be 0.25

-.<
o
o

~

Mixing Constant — Y; — Chemical reaction time
Y.

— PYi . . .
K = Tc = max ( w,) 1= MQajor species

l
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NO Formation Run 15, 4=0.894 LABORATORY
No Model PaSR
100
RR NO
(ka/m3/s) —&— no comb model
:22?32 —Vv— PaSR
TI.DDe:»DD 80 i _._ EXperlment
oo 9]
= = 60
0.00e+00 >
[kgf(m*3 )] E
o
£ 40 -
NO mole ©)
fractlion Z
= 20 |
o 0 . . . . . . .
sotms 055 060 065 070 0.75 0.80 0.85 090 0.95
phi
* No combustion model results in 4x over-prediction of NO emissions.
* PaSR model significantly reduces NO formation o Yy —vP)
. . Wi = K L L Tmix = Cmix =
* Reduction of peak reaction rates and temperatures through kappa . T* €
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Calculation of Mixing Timescale L.
Transported Timescale Approach LABORATORY
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Tix = )Z(:‘; Scalar Variance: 7, = CZAZ(VZ)Z Scalar Dissipation: X7 = 2(D; + D;)(VZ)
C,=2.0
— 5 ap _ ~\ 2 1
a(gf v) ax/-Z ( 5(Dz + D;) an) +2p(Dz + Dy) (%) — PXz €;=0.9
j J C,=1.7
N C,=1.4
0¥z |, TP _ 8 (7 0%z o _E _E o 07 Xz T 0
e T ox, T ox, (P(Dz + D;) 6_x]) —Gp G b Xz — GaP Rl o — Cap U o
T* = MIN(Tc’ Tmlx) 57 07 - aﬁ ~12
Wit = =D “illy dx; —velS]

* Transport equations are solved for scalar variance and scalar dissipation rate.

* Accounts for non-equilibrium production and destruction of scalar variance
and dissipation.
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Wave Speed Results N = [Naonat
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Hydrogen-Air

1700

1650 -
Run 4 5 1419 1603 1431 -
Run 12 725 1561 1605 1469

Run 15 894 1540 1683 1553

1500 -

wave speed (m/s)
= =
(6] (o))
(o) ()
o o

—&— no comb model
—v— PaSR (transport)
—&— Experiment
1400 . . . . . . .

055 060 065 070 0.75 080 0.8 0.90 0.95

* Wave speed prediction generally improved with 1450 -
PaSR model

* Two waves observed at $=.725 and ¢=.894 and

two/three waves at ¢=.573 o
phi
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Temperature, Pressure, Reaction Rate

Contours through mid-plane, runi12, ¢=.725
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No
Model

PaSR
Model

* PaSR model reduces deflagrative (parasitic) combustion in fill region.

* Peak pressures and temperatures also reduced.
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Cutting Plane at Z=5 mm N=|Em
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Run 4, ¢=0.573 Run 12, 4=0.725 Run 15, ¢=0.894
T(K) T, .

2 508403
2282403
2.06e+03
1848403
1626403
1408403
1182403
| | 960ew02
7.40e+02
5.208+02
3.008+02

D

Temperature

P (Pa)

2.00e+06

1.62e+06
1.43e+06 P

| 126008 ressure
1.05e+06
§80e+05
| 6.70e+05
4 30e+05
2.90e+05
1.00e+05
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Line plots through one wave, runl2, ¢=.725 LABORATORY
z: : % ] D ;é— 2:59+12j S °° E j:::
0 E . % 1.0e+12 - g 28
pos (mm) 2 ° 2 pos:mm} & 8 10 2 - (3 8 10 2 pos?mml 6 8 10
* Peak temperature reduced by almost 400 K. DR
) . . . . TC + Tmlx
* Fine scale mass fraction in NO formation region between (.2
and 0.4. _ pry —=vP)
° i =K T"

Reactor residence time T%, order of magnitude longer than
solver time step (dt=le-7s).
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NO formation rate LABORATORY
Fractional heat release NO formation rate
0.30 1.4e+5
—— no combustion model ) —e— no combustion model

0.25 A —e— PaSR Model ™ l2e+5 1 _o— PaSR Model
Q e
()] -~
® [@))]
[} | 1.0e+5 A
3 0.20 %
© T 8.0e+4 -
o 0.15 A x
~ c
c O 6.0e+4 1
2 0.10 - g
a E 40e+4 -
= i

0.051 O 2.0e+4

Z
0.00 - ' ' - 0.0 . .
P (Pa) T (K)

* Heatrelease and NO formation rate binned by pressure or temperature
through entire domain and averaged in time.

* Shows shift to lower pressures and temperatures.
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Averaged in time and space at domain exit LABORATORY
NO vs. ¢ NO vs. axial location
100 35
—&— no comb model —e— phi=0.573
—v— PaSR —v— phi=0.725
80 - —@— PaSR _(transport) 301 = phi=0.894
. —&— Experiment .
= o s %
> >
e £ 20
o o
£ 40 - ) //ﬁ
@) O 15 -
Z zZ
20 A 10 A //./o/k —e
0 T T T T T T T 5 T T T T T T T
055 060 065 070 075 080 085 090 0.9 0 50 100 150 200 250 300 350 400
phi Axial Location (mm)
* Current treatment of timescale results in significant improvement in
NO prediction.

* Bulk of NO is formed in the detonation region.
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* Ignoring turbulence-chemistry interaction results in significant (4x)
over-prediction of NOx while the PaSR model seems to improve results.

* Constant C_ . approach likely contributing to limitations.

* Dynamic approach using transport equations for scalar variance and dissipation
rate to determine mixing timescale results in significant improvement.

* Bulk of NOx formation occurs in or directly behind the detonation
wave.

e NOx emissions very reasonable, some single digit, over wide range of
b b
equivalence ratios and up to 4 atm back pressure.
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Temperature Contours N=[Refos:
Contours through mid-plane TL LABORATORY

Run 4, ¢=0.573 Run 15, ¢=0.894
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+  PaSR model reduces deﬂagrative (parasitic) combustion in fill region.

* Peak pressures and temperatures also reduced.
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NOx Formation

Run 15, 4=0.894

RR NO
(kg/m3/s)

100e+01

DDDDDDDD
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00000000
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0.00e+00
[ kg/(m "3 )]

NO mole

fraction
4 .00e-04
3.60e-04
1 320e04
2.80e04
2.40e04
+ 2.00e-04
" 1.60e-04
1.20e-04
o+ 5.00e-05
4.00e-05
0.00e+00

P
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