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Introduction M Technion

=  Aqueous ammonia/ammonium nitrate (AAN) is
a carbon free nitrogen-based monofuel 100000 B N chemicall ‘
AA coa
= Composed from mass-produced fertilizers T 10000 ydrid T
o . § hydrogen :
= Principal combustion products are N, and H,0O: = strorage i n biomass i
s ultimate
3NH,NO;,,, +2NH,OH , ,+4H,0 = 4N, +15H,0 |5 flywheel BMIC1iion battery ‘
1 1 = 100 @ ‘ “ battery
5
= Volumetric energy density close to CNG at |3 mag. coil gbtta‘”d I;T:ter ne;tjral gas
attery
. . . 10 —m—— ,\,'.,'v. @
distribution pressure (90 bar) W | A ‘ %l
hydro- T :
. . . . EDLC comp. air d
= Compatible with current fuel infrastructure %{ S A hydrogen
. . 0.01 0.1 1 100
capac1t0r ) P
= No PM, VOC, CO, and CO emissions energy density (Whig )

R. Lan, J.T.S. Irvine, T. Shanwen, Int. J. Hydrogen Energ., 37 (2), 1482-1494, 2010



Pre-ignition Mechanism ¥ Technion

Ammonium nitrate

decomposes to nitric
aCidNH2®HUIIid : NH3
Ammonium hydrgxide

decomposes to

ammonia

NH 19 s£f prod. Wﬂbf% N 29% 10%@‘1@ NLY_100% >NO

12 < '¥o,,-No NO 2 " YWNG, ,-HONM, ,-HNO; ' — X0, ,-HONO
Ammonia decomposes
0¢

to aNHqNﬁ% TIT 3 &)
Nitric acid decomposes
to nitrogen dioxide




Technion

Israel Institute of Technology

* Nitrous acid is formed by nitrogen dioxide

40% 75% .
> MN; 2
+NH;,-NH, _ +HONO,-H,0 +HONW NO+NO,

o m Hmﬂ%@m;lvm;@%moz

* And decomposes to a mix of nitric oxide and nitrogen dioxide



Heat Sources and Sinks

Pre-ignition heat sources:

* Ammonia reacting with
hydroxyl

* Amidogen reacting with high
oxidation NOx

Pre-ignition heat sinks:

* Ammonia reacting with high
oxidation NOx

* Nitric acid decomposition to
nitrogen dioxide

85%

l o A .
M Technion

63%

>
o, -m,no . INO

+NO, ,-HONO
8% 17%
>
NH3 +OH,-H,0 NH2 +NO,-H,0 N2
7% S 16% S NzO'
+NO;,-HNO; +NO,,-H,0
100% 100%
> >
HNO, — 5555~ N,0,+M 2NO,

Ignition heat sources are amidogen oxidation by nitric oxide & nitrogen dioxide
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Take-Home Messages M Technion
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* Ammonia reacts with hydroxyl and NOx to form amidogen
* Amidogen reacts with NOx to form low oxidation NOx and N,
* Nitric acid reacts with nitrous acid to form nitrogen dioxide

* Nitrous acid is generated from nitrogen dioxide and produces \\

NOx by propagation

* A molecular nitrogen yield of 5% is achieved prior to ignition

* Higher yields are achievable by high pressures and catalysts
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Pre-ignition Mechanism ¥ Technion

49% 28% S
N 2() 3 +M,-NO +NH;,-HONO NH 5
33% 21%
—> —>
N204 +M,-NO, +NH, ,-H,NO NO
2NO w N 21% HNO
> >
+0,,-NO, +H,NO,-HONO
QJHONO __ o, s NO
“H,0,-NO +HNO,-HONO
34%
28% NH,.-H,O N
NO > 2 2 2
2 +HNO,-HONO 399,
NO . > 2NO,
NO 2% -NO,-0,
2 +NH, ,-H,NO 11% NNH
>
2HONO 7% S +NH,,-OH

-H,0,-NO,
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Winter Wind & Solar Output Germany  Summer Wind & Solar Output Germany

Outputin GW 440 GWh of solar power Output in GW 3,680 GWh of solar power

304 5,850 GWh of wind power Sk 2,890 GWh of wind power
12/1-12/31/2012, all of Germany for the period 6/1-6/30/2012
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Motivation \

Air Woater Synthesis Energy
Fuel . e Distribution[2] h - o8] | PFPatm [h]
separation[>P] | splittingl®<] | energyl2] densityl1I[G] t™'] Meombustion
- methane—10. 326 164 0022 0027 555 %54 1 27%
- MeQH 0382 144 0202 0005 23 7 54 % 27 %
DME 0398 150 0.274l1 0005 317 50% 23 %
ammonia—0-008 143 0.07 il 0008 225 53-% 35%
ag-AHU 10138 158 062l 0011 92 50% 27 %
ag-AAN—10. 018 312 0.235l1 0023 37 47 % 14 %
ag-UAN10 235 3 27 0.376ll 0022 33 48 % 12 %
|.[a] Energy values are in an equivalent work basis (see text). [b] Required energy for separating N,, CO,, or both from the
atmosphere as feedstock.[ 12, 70] [c] Based on a future prediction for central grid electrolysis evaluated as 180.72 GJ (t H,)~'.
[86] [d] Values represent state-of-the-art required synthesis energy. [e] Calculated as in Table S3. [f] Taken as high heating value.
[g] Calculated as in Table S2. [h] Calculated according to Equation (E2). [i] See Sections 8 and 9 of the Supporting Information
for detailed calculations. [j] Average literature value.[48, 49, 87]
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UAN Catalytic Combustion '&7

EU emission limits
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UAN Catalytic Combustion ) Technion
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UAN Catalytic Combustion ) Technion
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Liquid Flow Characterization ¥ Technion

Re=wudlH p/u=2.659-1071-2 (m/s )-2.825-107-3 (m)-1,330(kg/m73 )/5.000-107-3 (kg/ms ) =6.152
(Laminar) (£g. 51)

Where: u - fluid velocity (m s'); d,, - hydraulic diameter (m); p - density (kg m-3); u - dynamic viscosity (kg

m-1 s 7).

The density of UAN was previously measured to be 1,330 kg m-3

Viscosity values for UAN at different AN to urea ratios indicate strong interaction between the solutes (u~5 kg
m-1s1)

19
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Gas Flow Characterization ¥ Technion

Q=n-Zim -RT/P
(£g. 52

Where: Q - volumetric flow rate (m3 s'); n - mole flow rate (mol s); Z, -
average compressibility factor; R - gas constant (m?® MPa K' mol"); T -

temperature (K); P - pressure (MPa).

Table S1. Critical parameters for immediate

decomposition/combustion products.
| Assumption | Species | _T.(K) | _P_(MPa) | Mole Fraction_

HNCO 460.1 7.56 7.37%

Decomposition NH; 405.5 1.3 29.5%
products HNO; 520.0 6.89 22.1%

H,O 647.1 22.1 41.0%

CoO, 304.2 7.38 5.39%

Combustion Products N, 126.2 3.40 21.6%
H,O 647.1 22.1 73.1%

20
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Table S2. The ignition,

Table S4. Partial and average Table S3. Partial and average
peak and outlet compressibility factors for the main compressibility factors for the
temperatures at each combustion products, using immediate decomposition products,
working pressure Dalton's law. calculated using Dalton's law.

| P(MPa) | T () [T ()| T ()

-
A

550 1,172 805 B 50 100 101 097 098 B 50 098 098 097 097 097
578 1,268 844 B 2 100 101 100 1.00 B 2 100 100 100 100 100
587 1,383 754 B s0s 100 101 100 1.00 B sos 100 100 100 100 1.00
656 1,243 725 B 78 100 101 094 096 B 573 095 098 091 094 095
656 1,212 719 B 1268 101 102 100  1.00 B 1268 101 100 100 100 100
B s44 101 102 099  1.00 B s+ 100 100 098 099 099
B 57 099 101 087 09I B 37 09 097 08 087 090
B 383 102 102 100 10 B 383 100 101 100 100 100
B /54 100 102 096 098 B /54 098 100 094 096 097
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Table S5. Average compressibility factors for Table S6. Volumetric gas flow rates and velocities at

immediate decomposition/main combustion the investigated system conditions.

products calculated using Kay's law.
Q (m3s™) u(ms') Q (m3sM) u(ms')
- : B sso 3.34E-05 5.33 |.00E-04 16.0
Sl el B s 50305 8.03 | 90E-05 3.02
5 By 0.90 0.94 BT - | 37E-05 2.19 4.36E-05 6.95
| 5 WK B B BT 268 3.17E-05 5.06 2.88E-05 459
B 75 L B8 X 544 209E-05 334 9.11E-06 | 45
BT os6 0.88 G B 57 65906 1.05 9.28E-06 | 48
BT 124 1.00 1.00 B i3s3 173E05 276 2.37E-05 378
BT 7> 2 G B 54 914506 | 46 | 26E-05 201
BT 656 Gz L BT 56 361E-06 0.58 5.16E-06 0.82
|15 [EIp 1,00 1.00 BT 243 7.77E-06 |24 | 06E-05 1.70
BT 7 0.88 0.91 BT s 407E-06 0.66 5.83E-06 0.93
BT 2.24E-06 0.36 3.25E-06 0.52
BT 22 5.05E-06 0.8l 6.91E-06 1.10
B 2.64E-06 0.42 3.73E-06 0.60



Gas Flow Characterization

p=mwlav-P/Zim
BT (£g. 53)

Where: p - density (kg m3); mw,, -
average molecular weight (gr mol-1); P -
pressure (MPa); Z, - average
compressibility factor; R - gas constant

(m3 MPa K-' mol"); T - temperature (K).

l o A

V

Table S7. Gas densities for

Technion

Israel Institute of Technology

immediate

decomposition/main combustion products

products products

P (MPa)

550
1,172
805
578
1,268
844
587
1,383
754
656
1,243
725
656
1,212
719

P (kg m?3)
6.64
3.03
441
16.2
7.00
10.6
33.6
12.8
24.3
61.5
28.6
53.3
99.0
439
84.2

P (kg m?)
481
221
3.22
1.7
5.09
7.70
239
9.35
17.6
43.0
209
38.1
68.2
32.1
59.5

23
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4=2.6693-107—6 VOm.w-7 /12 -2y
(Hirschfelder—Curtiss—Bird) (£gq. 54)

Where: m.w - molecular weight (gr mol'); T - temperature (K); o — collision diameter (A); Q, — viscosity

collision integral.

Collision diameters were extracted from the literature where possible (H,O - 2.65, N, - 3.68, CO, - 4.00) and

calculated using the Brokaw relation for polar species (Eg. S5) in other cases (NH; - 2.04, HNO; - 2.49,

HNCO - 3.20). o=(1.585-Vib /1+1.13-572 )T1/3 (Brokaw

Relation) (£7¢. 55¢

Where: o — collision diameter (A); V, — atomic diffusion volume (cm?3 mol'); & — polarity parameter.
24



Gas Flow Characterization ¥ Technion

5=1940-lp 12 /Vib-Tib Where: & — polarity parameter; p, — dipole moment (D); V, — atomic

(£q. 56) e .
diffusion volume (cm® mol'); T, — normal boiling temperature (K).

Table S8. Viscosities of immediate decomposition/

Atomic diffusion volumes were main combustion products.

extracted from the literature where

2. 955 05  273E-05  249E-05  4.16E-05 2.44E-05 2.69E-05

: _ BEZW 548E-05  454E-05  429E-05  8.70E-05 5.25E-05 5.32E-05

possible (N H; - 14.9, H,0 - 12.7) and BT 404E-05  351E-05  328E-05  6.00E-05 3.55E-05 3.80E-05

3.07E-05  282E-05  258E-05  4.36E-05 2.56E-05 2.81E-05

calculated using the Fuller-Schettler- BWTTN 578605  479E-05  4.52E-05  9.30E-05  5.65E-05 5.64E-05

'YV 420605  363E-05 339E-05  630E-05 3.73E-05 3.97E-05

3.11E-05  285E-05 26IE-05  4.42E-05 2.60E-05 2.85E-05

Giddings increment method in other IETEN 6o09E-05 507605  477E05  99IE-05  607E-05  5.96E-05

382E-05  336E-05  3.I12E-05  5.62E-05 3.32E-05 3.57E-05

TS 34005  307E-05  2.82E-05  4.91E-05 2.89E-05 3.15E-05

cases (HNO; - 24.1, HNCO - 29.7) BWYEN 571E05 473605  447E05  9.I5E-05  555E-05  5.56E-05

' 370E-05  327E-05  3.03E-05  54IE-05 3.19E-05 3.44E-05

BT 340E-05  3.07E-05 2.82E-05  49IE-05 2.89E-05 3.15E-05

BWIPY 5605  465E-05  439E-05  8.96E-05 5.42E-05 5 46E-05



Gas Flow Characterization
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wdmix =) 1=1TniExdi-pli /xdi + ) B&)=10&(j#17) Tnixl/-@liy (Wilke Formula)
(£q.57)

Where: u,;, — mixture viscosity (Pa s); x; — molar fraction; ¢; — empirical expression.

Gl =vVONu bi /N dj -2y Lif-abi-olj /VOoli 12 - di-olj 12 -2u dy -( Where: ¢; — empirical
4-mwdi-mwlj [(mwdi +mwlj )12 )10.25 -VOnwlj /mwili -[1+mwii/ _ . .
mwlj —(mwli /mwlj )10.45 /2-(1+mwli /mwlj )+1+(mwii/ expression; (1, — viscosity

mwlj )10.45 /1+ @G mwli-mwlj /(mwli+mwl;)T2 )70.25 ]
(£q.59)

collision integral; Q,; —
viscosity collision integral of
mixture; o — collision diameter

(A); m.w, — molecular weight

(ar mol1).

26
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Gas Flow Characterization 3 &chnion

Table S9. Mixture viscosities of

the immediate decomposition / Table S10. Reynolds numbers and related data for the

main combustion products
immediate decomposition/main combustion products mixtures.

De?t(?mpo Combustion
PSI ;°“t Products T (0 Decomposition Products Combustion Products

T (K) roducts u(ms) p (kg m?) W (Pas) Re u(ms') p (kg m3) M (Pas) Re
Mrnix U (Pas) | 550 Y 6.64 6.28E-05 1,590 16.0 48l 6.62E-05 3,280

(Pas)

0 BT 6.62E.05 1.7 3.03 | 25604 798 1.0 221 I.I6E-04 592
= | 16E.04 | 805 XY 4.4] 8.74E-05 1,140 3.02 322 880E05 312
T cos 8.80E-05 BB 16.2 6.54E-05 1,530 6.95 1.7 6.86E-05 3,350
[ 513 OES 6.86E-05 | 1,268 YV 7.00 | 35E-04 740 459 5.09 123604 537
[ 1268 EEEIN | 23E-04 | 844 [EEET 10.6 9.14E-05 1,100 | .45 7.70 9.12E-05 346
Y7 9.14E-05 9.12E-05 | 537 IS 33.6 6.62E-05 1,500 | 48 23.9 6.95E-05 1,440
TN 66205 6.95E-05 1,383  [PRL 12.8 | 46E-04 682 3.78 9.35 1.30E-04 768
| 1383 EERESY |.30E-04 BT 4 243 8.23E-05 1,220 201 17.6 8.37E-05 1,190
EREENS ESEE | 656 [T 61.5 7.27E-05 1,380 0.82 430 7.54E-05 1,320
e Ti;igi T:i‘:izgi 1243 WY 286 |33E-04 755 1.70 209 |21E-04 830
TR 7 o+:.o: 6 12E.08 0.66 53.3 7.94E-05 1,250 0.93 38.1 8.12E-05 1,230
T oo 7 S4E.05 | 656 KT 99.0  727E-05 1,380 0.52 682  7.54E-05 1,330
T 22 Ry IO 1,212 YT 439 |.30E-04 775 1.10 32.1 I.I9E-04 838
7 89E-05 8.07E-05 BT o« 84.2 7.89E-05 1,270 0.60 59.5 8.07E-05 1,250

27
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Liquid Dispersion ¥ Technion

The molecular diffusion coefficient of aqueous urea in water at the experimental concentration (3.32 M) is
1.1890-10-9-1.1425-10° m? s-'. While no data is available for aqueous AN, diffusion coefficient values for
ammonium and nitrate ions in water are available (1.86-10° and 1.70-10-° m? s-1, respectively). Therefore,

average molecular diffusion on the order of 1-10-2-2:10° m? s-! was assumed.

Using the Taylor expression for the dispersion coefficient (Eq. S11), the dispersion value was estimated to
be between 1,180-2,360 m? s'. Therefore the extent of dispersion (D, -u™'-L"), calculated using the fluid

velocity, reactor length (0.8 m) and diffusion coefficient, was in the range of 4.70-10-8-9.40-10-8.

Where: Dy, """ — Taylor's expression for the dispersion coefficient; u —

Didisp.TTaylor =uT2 -dlH . _ o
12 /192-DIdiff. (Eq. S11) fluid velocity (m s); dy, — hydraulic diameter (m); D4 — molecular mass

diffusion coefficient (m? s).
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Gas Dispersion (Pair Diffusiony; Technion

Table S11. Diffusion collision integrals and

Didiff JA8 =0.001858-7T1.5 -\/Dl/m.wlA +1/mwiB /P pair molecular mass diffusion coefficients for
(0dA+alFB /2 )12 2D IAF (£g.512)

the main combustion products.

(Hirschfelder-Curtiss-Bird) - Moo Heoxcc BT
AR 0, Dums)  Qp  Dylmis) P Dy (mis)
| 550 JEX:v4 0.875 4,55E-06 1.0547 5.83E-06 0.9558 7.66E-06
987 0766 .62E-05 0.8572 2.23E-05 0.7975 2.86E-05
[ 805 YV 0.805 8.77E-06 0.9515 I.15E-05 0.8595 |.51E-05
. . L. 2467 0863 1.99E-06 10415  255E-06 09422  3.35E-06
Where: D — mass diffusion coefficient; T — temperature m o | o
: ' 743606 08410 1.02E-05 0.7896 I 30E-05
. 1 2467 0799 3.79E-06 0.9387 4.98E-06 0.8494 6.55E-06
(K), m.w — molecular welght (gr mol- ); P - pressure (atm); 4935 0860  102E-06 10373  I3IE06 09379  1.72E-06
. . . . A . . . - m R 439E-06 08251 595E-06 07819 7.47E-06
o — pair collision diameter (A); Q, — diffusion collision ©35 0814 IS7E06 09693 20406 08743 269E-06
| 656 [CTYY) 0.837 6.20E-07 1.0074 7.96E-07 0.9087 .05E-06
Integral. m e e I79E-06 08449  247E06 07915 3.14E-06
98.69 0.820 7.35E-07 0.9803 9.49E-07 0.8839 1.25E-06
m e 4.13E-07 1.0074 531E-07 09087  7.00E-07
m R I.14E-06 08501 I.58E-06  0.7940 2.01E-06

71 148.04 .821
’ 80 08 4.84E-07 0.9824 6.24E-07 0.8857 8.24E-07



Gas Dispersion (Mix Diffusiony Technion

LA )1—1 (Eq. 513, Table S12. Mixture mass diffusion coefficients for the
main combustion products.
Where: Dy iy — Mixture mass
diffusion coefficient: x. — molar Dasr (m*s7) Dy (M?s)  Dyyg (m?s71) - Dyye (m* 1)
o [ 550 RTINS 9.33E-06 5.79E-06 |.67E-05
|.00E-04  346E-05  2.17E-05  6.26E-05
fraction; D, ,. — pair/mixture mass BT 5.27E-05 |.83E-05 |.13E-05 3.29E-05
dittai — P I.17E-05  4.08E-06  253E-06  7.32E-06
_ _ - BRI 45805 | 57E-05  9.97E-06  2.85E-05
diffusion coefficient. 229E-05  7.96E-06  491E-06  |43E-05
6.02E-06  2.10E-06 130E-06  3.77E-06
BETEN  264E05  9.08E-06  5.82E-06 | 65E-05
9.38E-06  327E-06  2.02E-06  5.86E-06
DT 366E-06  128E-06  7.90E-07  2.29E-06
RS 1 1E05  38IE-06  241E-06  6.90E-06
7T 437E-06 | 52E-06  9.41E-07  2.73E-06
BT 244606 852E-07  5.27E-07 | .53E-06
BWIPI  708E-06  244E-06  154E-06  4.41E-06
2.87E-06 |.00E-06  6.19E-07 | .80E-06



Gas Dispersion (Polar Inter.) i Technion

Where: Q, — diffusion collision integral; (,, — diffusion collision
NDIAB =121DI0 JAF +0.196-0l4F

12 /TTx LAB (£q. S14¢ integral parameter; § — polarity parameter; T* — dimensionless

temperature.

Where: Q,, — diffusion collision
24DI0 JAB =1.06036/71T« JAB 10.15610 +0.19300/£70.47635-7'1« JAB
+1.03587 /e11.52996: 7T« JAB +1.76474/e13.89411-71x JAF (£q.515) integral parameter; T* -

dimensionless temperature. 31



Gas Dispersion (Pair Diffusiony Technion

Table S$13. Molecular pair mass diffusion coefficients for
the immediate decomposition products.
T (K)
D (m*s™!) Dy (m*s7') D (m*s™!) D (m?s)  Dgg (m?s')  Dyg (m?s™)
| 550 |

6.30E-06 3.32E-06 5.76E-06 5.76E-06 8.80E-06 5.34E-06

2.82E-05 | 52E-05 2.43E-05 2.77E-05 3.99E-05 2.46E-05
BT 1 36E-05 7.24E-06 | 21E-05 | 28E-05 | 91E-05 |.17E-05
BT 279e-06 | 47E-06 2.54E-06 2.56E-06 3.90E-06 2.37E-06
1,268 KIS 7.06E-06 |.12E-05 | 30E-05 | 85E-05 |.15E-05
Y s597E-06 3.18E-06 5.29E-06 5.66E-06 8.41E-06 5.15E-06

| 44E-06 7.62E-07 .31E-06 | 32E-06 2.02E-06 | 23E-06
BEE 771E06 4.16E-06 6.56E-06 7.71E-06 | 09E-05 6.76E-06
B 239e-06 | 27E-06 2.13E-06 2.24E-06 3.36E-06 2.05E-06
BT 5.03E07 4.78E-07 8.15E-07 8.36E-07 | 27E-06 7.71E-07
1,243 RGOS | .70E-06 2.71E-06 3.12E-06 4.46E-06 2.76E-06
725 RGNS 5.85E-07 9.88E-07 | 03E-06 | .55E-06 9.46E-07
| 656 XX 3.19E-07 5.43E-07 5.57E-07 8.44E-07 5.14E-07
L 1,212 TN | 08E-06 |.72E-06 | 98E-06 2.83E-06 | .75E-06
7.24E-07 3.84E-07 6.49E-07 6.76E-07 | 02E-06 6.21E-07



Gas Dispersion (Mix Diffusiony Technion

Table S14. Mixture mass diffusion coefficients for the
immediate decomposition products.
om0 i | ormi | e
T (K)
D (m2s) D i (m?2s) D (m2s') Dy (m?2s') D g (m?2s)
| 550

5.42E-06 1.03E-05 7.55E-06 I.14E-05 9.31E-06

2.39E-05 4.79E-05 3.46E-05 5.15E-05  4.24E-05
[ g5 RGNS 2.27E-05 | 65E-05 2.48E-05  2.03E-05
BT 2.40E-06 4.59E-06 3.35E-06 5.06E-06  4.13E-06
1,268 IERNIS 2.23E-05 |.61E-05 239E-05  1.97E-05
Y 50906 9.98E-06 7.25E-06 |.09E-05  89IE-06

| 24E-06 2.37E-06 | 73E-06  2.6IE-06  2.13E-06
| 1,383 EYCIA |.32E-05 9.49E-06 | 41E05  1.16E-05
B 20406 3.97E-06 2.89E-06 434E-06  3.55E-06
BT 773607 | 49E-06 | 09E-06 | 64E-06  1.34E-06
| 1,243 PTG 5.37E-06 3.87E-06 5.76E-06  4.74E-06
BT 94307 | .83E-06 | .33E-06 2.00E-06  1.64E-06
656 IERTIXY, 9.95E-07 7.26E-07 |.09E-06  8.93E-07
L 1,212 YT 3.41E-06 2.46E-06 3.66E-06  3.01E-06
6.19E-07 | 20E-06 8.75E-07 |32E-06  1.08E-06



Gas Dispersion (Coefficient) i Technion

Table S15. Bodenstein numbers, appropriate dispersion expressions,
Didisp.TAris =DIdif f. +ul2 -diH

, dispersion coefficient values and extents of dispersion for the immediate
12 /192-Dldiff. (£g. 516¢

decomposition and main combustion products.
Decomposition Products

. ]
Where: Dy, Taylor Taylor's T (K)
p Bo Expres. Dy, (m*s') Dgg,ul!  Bo Expres. Dy, (m*s”) Dy, ul!
e X p re S S i O n fo r th e d i S p e rS i o n m 64.7 Taylor 1.44E-01 0.034 76.6 Taylor 5.11E-01 0.040
o el 292 Aris |.74E-01 0019 141 Aris 1.27E-01 0.014
COfoICIent; Ddiff — molecular mass Il 43¢ Taylor | 46E-01 0023 735 Aris 422E-02 0017
59.7  Taylor 5.45E-02 0031 760  Taylor 2.20E-01 0.040
ffusion coefficient (m? s): 5
diffusion coefficient (m* s™); u — %9  Ams 7I8E02 0018 129 A S3E02 0014
41.1 Aris 6.37E-02 0024 814 Aris | 92E-02 0.017
ﬂ u |d Veloc”:y (m S-1 ) d H— hyd rau I |C 587 55.5 Taylor 2.43E-02 0.029 314 Aris 2.32E-02 0.020
H

] m 24.7 Aris 3.73E-02 0017 184 Aris 4.54E-02 0.015
diameter (m ) . 455  Taylor 2.76E-02 0024 274 Aris 2.89E-02 0018
T8 41 Taylor I.15E-02 0025 288 Aris | 22E-02 0018
m 27.5 Aris | 78E-02 0018  19.7 Aris 2.08E-02 0.015
451  Taylor 125E02 0023 272 Aris 133602 0018
T 448 Taylor 6.68E-03 0023 272 Aris 7.41E-03 0018
m 282 Aris I.17E-02 0018 200 Aris I.36E-02 0.015
AT 435  Taylor 7.62E-03 0023 265 Aris 8.37E-03 0.018




Fitting (nH,#nO>PRODUCTS)
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Figure S1. The reaction rates from the overall reaction kinetic data by Song et al., the individual reaction
kinetic data by Song et al. (calculated), and those fitted in this work as a function of temperature for the

reactions: (a) NH,+#NO=NNH+NO, (b) NH,+NO=N,+H,0O and (c) NH,+NO=Products.
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Fitting (nH,#nO>PRODUCTS) M R

The reaction rates proposed by Song et al. for reactions RS1a and RS2b had R?=0.1818 and
R2=0.9919, respectively, at 500K—1400K. Therefore, the kinetic data for RS1a and RS1b was refitted
to the modified Arrhenius equation: k,,=4.10-1070-T0.313.exp(368-T-') and
k,,=7.16-1017-T-1-886.exp(-161-T-1). These kinetic constants resulted in an average absolute error of
1.00% R2=0.9995 for the overall reaction rate, and R?=0.9671 and R2=0.9994 for RS1a and RS1b,

respectively, at 500K-1400K.
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Reactor Temperature Vi Technion
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Sensitivity Analyses (React.) :;

HNCO | lpresure | |
Reaction IMPa  25MPa 5MPa I0MPa  15MPa
NN (ole Rt e e e PRYeleT il -443E+00  -484E+00  -4.12E+00 -4.75E+00  -6.12E+00
R12) NH;+OH=H,0+NH CI41EO1  -664E-01  -9.34E-01  74IEOl  -1.79E+00
ANl (ot TP eI ToPl  240E-01  -6.63E-01  -639E-01  -127E+00  -229E+00

| MPa 2.5 MPa 5 MPa 10 MPa |5 MPa
N (o) (ot NP NS NTo M -4.43E+00  -4.84E+00  -4.12E+00  -4.75E+00  -6.12E+00
AN o e (o Vo VI -1.76E+01  -3.13E+01  -2.86E+01  -2.60E+01  -2.05E+O0I

. NH, [ Ipresure | | |
| MPa 2.5 MPa 5 MPa 10 MPa 15 MPa
-I.I7E+00  -1.68E+00  -1.70E+00  -2.52E+00  -3.72E+00
671E-01  -649E-01  -927E-01  -7.56E-01  -8.44E-0|
3.89E-01  -432E-01  -1.14E+00  -1.28E+00  -1.79E+00
293E-01  347E-01  495E-01  574E-01  4.74E-0l
2.73E01  -492E-01  -528E-01  -429E-01  -3.27E-0l
26lE-01  -2.88E-01  -2.94E-01  -42IE-01  -6.19E-0I

Technion

Israel Institute of Technology
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Sensitivity Analyses (Prod.) i echnion

Reaction | MPa 2.5 MPa 5 MPa 10 MPa 15 MPa
R5) HNCO+H,0O=NH;+CO, 492E+02 9.67E+02 6.50E+02 -1.94E+04 | .84E+04

| MPa 2.5 MPa 5 MPa 10 MPa |5 MPa
RI3) HONO+NH,=NH:+NO 4.32E-01 6.86E-01 7.33E-01 |.49E+00  2.99E+00
R27) HO,+NO+M=HNO.+M [BCXy/F)) 1.18E-0I 1.27E-01 2.58E-01 4.97E-01

R24) NH,+NO=NNH+OH 5.71E-02 6.92E-02 6.24E-02 6.13E-02 5.34E-02

. co, 1 lpressure | 1 |
| MPa 2.5 MPa 5 MPa 10 MPa 15 MPa
|.00E+00  I.00E+00  1.00E+00  1.00E+00  1.00E+00
249E-01  -5.19E-01  -5.63E-01  -1.I7E+00  -2.17E+00
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CHEMKIN M Technion

puAdYJ/k /dx =W/k o Jk A o Jk =i M vdki *qJi

kefi=Ali«TTHLI xexpO(—£Li /RT )

h,-specific enthalpy of species k, C -mean
heat capacity per unit of mass of the gas, a_-
surface area per unit of length of wall, Q, -

heat flux from wall temperature 20



CHEMKIN V

ClpkTo /R=allk+al2k Tlk+al3rx Tk T2 +aldk Tk T3 +al5k

Tk T4
HikTo /RTIk =allik+al2k /2 Tk +al3r /3 Tk T2 +aldk /A Tk

13+al5k /5 Tk T4 +al6k /Tik
SkTo /R=all ik InTk+al2k Tk +al3k /2 Tk T2 +aldk /3 Tk

1B3+alS5k /A Tk TA+allk

7 dT+SlkTo (0) AT+ HikTo (0)
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Israel Institute of Technology
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