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RESEARCH PROGRAM ON ADDITIVES FOR USE IN
AMMONIA FUEL FOR _INTERNAL COMBUSTION ENGINES

ABSTRACT

A project was conducted, for Continental Aviatior. and Engineering
Corporation, to dzvelop and evaluate additives tv improve the performance of
the ammonia-fuzled eangines which the military proposes to operate in localities
where supply of conventional hydrocarbon fuel is difficult. Technical work on
this project was active from March 15, 1965, to December 17, 1965. fhis work
mainly comprised preliminary assessment of the performance of candidate
ammonia-additives using a bench reactor to measure tendencies of the additives
to increase the cxidation rate of ammonia and/or cause ignition, followed by
iinal evaluation of these and cther additives using CFR single cylinder engines.
Of the many gaseous, liquid, and solid additives investigated, hydrogen and ace-
tvlene were by far the best ammonia-additives in the engines. 1In the CFR
.park-ignition engine, hydrogen was the best additive in terms of good engine
revforicance at low additive concentration with normal compression ratios, and
dcetylene was the second best additive. In the CFR compression-ignition engine,
acetylene was the best additive in terms of good engine performance at normal
compression ratios, whereas hydrogen nerformed well at compression ratios
somewhat higher than normal.
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RESEARCH PROGRAM ON ADDITIVES FOR USE IN
AMMONIA FUEL FOR INTEENAL COMPUSTION ENGINES

The objective of this project wua 0 develop and evaluate additives
to improve the performance of the ammonia-fueled spark~ignition and compression-
ignition engines which the military proposes to operate in localities where
supply of conventional hydrocarbon fuel is difficult. Additives were developed
via a literature survey to review current technology #nd secure leads, a study
of tha theoretical mechaniem by which additives might function, and a selection
of promising-appearing additives to be evaluated. To evaluate candidate
additives, a small bench reactoxr was used for preliminary screening, &nd both
spark and compression-ignition CFR singic cylinder engines were used to determine
effectiveness of specific additives on improving engine performance. This report
comprises a brief synopsic of the principal project activities, plus appendices
which document the results in greater detail.

DEVELOPMENT OF ADDITIVES
Literature Search

This search relied mainly on the Chemical Abstracts published by
the American Chemical Society. Except for numerous veferences to the
catalytic oxidation of ammonia to nitrogen oxides, the literature contained
relatively few references to the combustion of ammonia. The references are
listed in Appendix A, and could be grouped into three categories: gas phase
kinetics (6 references), flame properties (6 references), and general
corbustion in terms of engineering and rocketry (8 references). The latter
category included some French research on combustion of ammonie in motor
vehicle engines. A resulting U. S. Patent (Frejacques) claimed acetylene
concentrations in ammonia of 3% (w) to 20%, although 10% to 127 evidently
was the preferred concentratic-. Frejacques noted that the favorable
solubility characteristics o/ acetylene in liquid ammonia eliminated the
need for auxiliary contair (s for additives and the need for other devices
such as dissociators. /. .uth:or ¥. S, patent (Davis) covered ammonium nitrate
in liquid ammonia as a fuel for internal combustion engines.

Study of Additive Mechaniam

The main problem with ammonia combustion w s regarded to be
relative inertness to oxidation as compared witk hydrocerbons. A successful
ammonig-additive should overcome this inertness by:

1) 1initiating the combustion chain at lower tomperatures;

2) sustaining the combustion chain process once initiated.
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To provide information on the ammonia combustion process, and
thus orn the mechanism by which an additive might function, a bench reactor
Japparatus was devised which would facilitate the measurement of the ignition
temperature and level of oxidation of a mixture of ammonia and oxygen, and
which subsequently could be used in evaluating amnonia-sdditives. Gaseous

ammonia snd oxygen were flowed separately to this reactor, which was installed

in a sma.l furnasce, and were heated until ignition occurred. Reactor
temperature ve. elapsed time were rccorded on a stxip chart and idgnition
(sudden temperature rise) was read directly. The congumption of ammonia
was measured with an infra-red spectrometer. Flow rates were kept constant
for all runs, oxygen at 100 cc/min and ammonia at 56 cc/min. The reactor
and its» operation are described in greater detail in Appendix B, which
also presents s schematic drawing of the reactor and a photugraph of the
installation.

Preliminary work showed that no ignition could occur up to 700°C
at atmospheric pressure with any ratio of ammonia to oxygen: what did occur
was considerable oxidation. The oxidation rates expressed in terms of
ammonia consumed were determined at three levels of ammonia concentrations
and over the temperature range 500-800°C. The results are illustrated by
Fig. 1. The rate of oxidation is seen to be inversely proportional tc the
ammonia concentration. Moreover, at high concentrations, the oxidatiocn
goes through a region cf negative temperature dependence.

Another experiment was made to determine the role of oxygen in
the combugtion process. Experiments were periormed in the presence and
absence of oxygen. It was found that the rate of ammonis consumed in the
presence of oxygen was 7 times greater than the rate in the absence of
oxygen. This indicated that ovyzen does not only react with the hydrogen
produced by chermal initiaticn, but plays an important role in initiating
chain resctions of ammonia.

Selection of Additives

Tu light of the preceeding information, additives were selected
according to possible use with ammonia in spark ignition engines and in
compression ignition engines. For spack ignition engines, the primary
interest was in gaseous additives which could be introduced with gaseous
smmonia, although some liquid additives were considered for introduction
via La¢ air-gnmonia stream. This selection thus mainly comprised gases
vhich cnuld be prepared on-site in any locality, sve: as hydrogen, and gases
which could be prepared on<site in some localities, ..,~h as butane.
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For compression ignition engines, the primary interest was in
additives that might be effective at low concentrations and that would be
soluble in liquid ammonia, although gaseous additives also were consgjdered
for introduction via the intake air. This selection was mainly bas~d on
providing a good representation from the clasges of compounds whicn had
at some tima been claimed as cetane improvers as well as providing repie-
sentation between compoun: - which might be classed as "catalytic oxidizers"
and as "explosives".

EVALUATION OF ADDITIVES IN BENCH REACTUR

Additives For Spark Ignition Engines

Eight gases and %wo liquids were tested. Two of the gases,
hydrogen and ozone, appeared to have a strong effect on the oxidation of
ammonia, whereas the remainder had either a slight or no effect. Both
iiquids, a mixture of isc-octane and n-heptane, and a light lubricating
oil, had strong positive effects on oxidation. Overall, the scope of the
work on additives for spark ignition engines burning ammonia was quite
limited because the favorable performance of hydrogen and acetylene was
well known, whereas emphasis on additives for compression ignition engines
was desired by Continental. Detailed results of the bench reactor work on
additives for spark ignition engines are given in Appendix C.

Additives For Compression Ign'tion Engines

A votal of 45 sdditives were tested. All were considered to be
»oluble in liquid ammonia, and several were tested at several concentrations.
0Of this total, one, styphnic acid, was found to indu : ignition at concentra-
tions down to 0.05%(w) of ammnnia. Six additives at 0.5% substantially
reduced ignition temperature as did 6 additives at 1.0%, 2 at 1.5%, and 4
at 5.0%. Although not inducing ignition, 11 additives at 5.C% or less
significantly increased the oxidation of ammonia. Detailed results of
this work are given in Appendix D.

EVALUATION OF ADDITIVES IN ENGINE

The CFR single-cylinder test engines and installatious are described
in Appendix E, along with an a~iount of mechanical problems encountered which
were believed to be peculiir to cperation on ammonia and additives. The per-
formance of the various additives in the engine can be summarized as follows:

Spark Ignition

Ten gases and fourteen liquids were tested as ammonia-additives in
the spark ignition CFR engine at 900 and 1800 RPM and 8.0 to 1 compression
ratio, using 35° spark advance and best power air-fiel ratio. The results
are shown in Table I. Engine performance on ammonia only and on hydrogen
only was checked first for reference purposes; combustion was achieved at
)OO RPM but not st 1800 RPM. Of the gases, hydrogen was by far the best
wWditive, permitting fairly good engine operation at 900 and 1800 RPM st
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concentrations of less than 1.5%(v). Acetylenc was the next best additive,
requiring about 6% to give good engine operation at both speeds. Ethylene,
ethane, and butane permitted good performance at relatively low concentrations
at 900 RPM, but concentration had ito be increased substantially to obtain
cperaticr at 1800 RPM. The remaining gases, nitrous oxide, aitrogen dioxide,
carbon monuxide, Freon-12, and ozone, were ineffective. The liquid sdditives,
although several permitted good engine operation at both $00 and 1800 RPM, ali
required use at unreascnably high (over 10%) concentrations.

Hydrogen also was checked as an additive at several concentrations
at varying spark advance and compression ratio. The results for 900 RPM are
shown in Table II, and for 1800 RPM are shown in Table III. Hydrogen was an
effective ammonia~-additive in this engine at concentrations of lese than 1.0%,
provided compression ratio was above 12:1 and spark advance was more than 50°.
Checks on carbon monoxide and nitrous oxide were made also; fairly good engine
operation could be obtained, even at 1800 RPM, provided additive zoun.entration,
compression ratio and spark advance were sufficiently high.

Compression Ignition

This work comprised an evaluation of the performance of gases added
to the intake air, and of several liquid-ammonia additives selected from the
bench reactor program. The work on the inducted gases was conducted first, to
simultaneously evaluate Che gases as ammonia additives and pinpoint the best
engine operating conditions to use for evaluating the liquid-ammonia additives.

Of gases sdded to tne intake air while ammonia was being injected,
hydrogen, normal butane, and acetylene all facilitated combustion at some
engine operating condition. The gases generally were tested at 20:1, 25:1
and 30:1 compression ratio, and at 900 and 1800 RPM. The resuits are summa-
rized in Table IV. Combustion with ammonia and hydrogen was achieved at 25:1
and at 30:1 compression ratio at both 900 and 1800 RPM; performance improved
as either compression .atio or speed was increased. Combustion with ammonia
and normal butane was achieved at all compression ratios and speeds (not
tested at 30:1 CR and 1800 RPM) but butane sonsumption was excessive at
1800 RPM. Combustion with ammonia and acetylene was achieved at 20:1 and
25:1 CR and 900 and 1800 RPM (not tested at 30:1 CR). Performunce improved
as either compression ratio or speed was increased.

The additives selected from the bench reactor program were engine
tested at 25:1 CR and 900 RPM, the condition where all inducted gases per-
formed most similarly. Of the "non-explosives', ummonium nitrate was tested
at concentrations of 1.0 and 5.0% of san additive-liquid ammonia mixture, and
ammonium perchlorate was tested at 1..0%. Styphnic acid was selected as the
most effective “explosive" and vis tested at 0.1%. During the testing of these
additives, the engine was closely observed for any evidence of the additive
affecting combustion, and was checked for fireability by bracketing runs on
the additives with runs using inducted acetylene. All of these liquid-gmmonis
additives proved to be completely without discernible tendency te initiste

combustion of amwonia in this engine.
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CONCLUSITJS

1> Yor a CFR single<cylinder spark ignition engine burning
ammonis, hydrogen was the best additive in terms of good engine performance

at low zdditive concentration with normal compression retics, ard &cetylenc
was the sacond beet additive.

2) For a CFR single-cylinder compression ignition engine burning
amonis, acetylene was the best additive in terms of good engine periormance

at normal compression ratios, whereas hydrogen performed well at comprassion
ratios somewhat highe: than normai.
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PERFORMANCE OF AMMONIA AND ADDITIVES IN SPARK IGNITION ENGINE AT 900 RPM
AT VARYING SPARK ADVANCE AND COMPRESSION RATIO

Horsepower at Best Air/Fuel Ratio!? gor the

’% Foll owing Comprescion Ratios and Spark Advances

COMPRZSSION RATIO SPARK
{g 4.5:1 6:1 8:1 10:1 12.3:1 16:1 ADVANCE
: Anmonia
0 0 0 0 0 0 15°
E 0 " 2.5 3.6 5.1 4.9 4.9 35°
0 0 0 3.7 4.4 4.0 55°
i
E Ammonia + 0.6% Hydrogen
0 0 0 0 0 0 15:
0 3.3 4.7 5.1 4.9 4.8 357
ﬂ 0 2.4 4.2 4.0 3.7 3.5 55
) Ammonia + 1.1% Hydrogen
lg 1.4 1.8 2.6 0 0 0 15,
: 2.1 4,2 4.6 5.0 4.8 4.7 35,
1.4 3.7 3.9 3.5 3.3 3,2 S5
H Ammonia + 2.3% Hydrogen
. 3.4 3.4 4.1 0 0 0 15°
[g 3.0 4.2 4.5 4.9 4.6 4.3 35°
J 3.4 3.9 3.6 3.3 3.0 2.9 55
1 Ammonia + 3.4% Hydrogen
3.6 3.8 4.4 4.8 0 0 15°
. 3.4 4.1 4.4 4,8 4.5 4,2 35°
l 3.6 3.5 3.5 3.1 2.8 2.6 55
Hydrogen
I 2.4 2.4 2.4 2.4 2.0 1.9 3s°
) 6:1 7:1 8.5:1
[ Ammonia + 59% Nitrous Oxide
:' - - 5.1 35°
: ! Ammonia + 41% Carbon Monoxide
l 4.3 4.5 4. 35°
§ {% (1) 7.7:1 for ammonia-hydrogen l
! 5.3:1 for smmonis-nitrous oxide, and .
E i 7.9:1 for ammonia-carbon monoxide.
¢ L CID:bib ]
2 1/4/66
t f |
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TABLE IIL

PERFORMANCE OF AMMONTA AND ADDITIVES IN STARK ICNITION ENGINE AT 1800 R¥M
AT V. SP, ADVANCE AND SSION (Y]

Horsepower At Best Air/Fuel Ratios(?
For The Fcllowing Compression Ratios

o And Spark Advances

FUEL

Ammonia +
7% Hp
1.3% Ho
2.6% Ho

3.8% Ha

2.6% Ho
19% CO
15% N0
49% N0
3% O3

3.4 (45)

o O © o

6.4 (60)
6.7 (40)

6.4 (40)

o O o

COMPRESSION RATIO

_8:1 10:1
0 0
6.7 (50) 6.9 (40)
7.0 (35) 7.5 (35)
7.5 (35) 7.8 (30
7.0 (35) 7.5 (35)
0 6.3 (35)
0 0
0 0
0 0

Note: Numbers in parenthesis are spark advances in °BTDC.
Unless otherwise indicated, the spark plug gap is .035 inches.

or ammonis-nitrous oxide.

.42/66

7.2 (55)
7.4 (45)
7.7 (30)
8.1 (30)

0
8.4 (35)
4.7 (45)
0

0

7.9:1 for ammonia~hydrogen, 7.2:1 for ammonia-carbon monoxide, and
7.6:1 £

;
¥
7.3 (50) L
7.6 (40) |
8.1 (30) l |
v:gutic U i
o q
8.3 (35) j
7.5 (45) .}
6.7 (35)
o |

ﬁ*«s@} P Y
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TABLE IV

PERPORMANCE OF GASEOUS AMMONIA ADDITIVES
IN CFR COMPRESSION IGNITION ENGINE
(Ammonia injected, gases added to intake alr)

Reference

(Heater 0i1) Hydrogen n-Butane Acsetvisne
20:1 CR & 900 RPM -- 37.5 PFH,Air

# alditive/# Ammonia - - .268 .167

# Ammonia/Hr - - 2.8 3.2

Bes!: Power, *HP 4.3 No ignition 5.4 5.2
20:1 CR & 1800 RPM -~ 75.7 PPH,Alr

# additive/# Ammonia - - .922 .118

# Ammonia/Hr - - 2.6 8.2

Eest Power, HP 9.1 No ignition 9.2 10,6
25:1 CR & 900 RPM 00 37.5 PPH,Air

# additive/# Ammonia - «237 242 .105

# Ameonia/¥r - 1.9 2.6 3.®

Best Power, HP 4.9 4.8 6.0 6.5
25:1 CR & 1800 RPM -~ 78.0 PPH,Afr

# additive/# Ammonis - .067 1.50 .088

# Ammonia/Hr - 6.6 1.2 10.2

Best Power, HP 9.2 11.5 8.4 12.
30:1 CR & 900 RPM -~ 37.5 PPH,Alr

# additive/# Ammonia - ,105 .108 -

# Ammonia/Hr - 3.8 3.8 »

Best Power, HP 4.8 5.5 5.8 Not testad
30:1 CR & 1800 RPM -- 78.5 PPH,Alr

# additive/# Ammonis - .032

# Apmonia/Hr - 8.2 - -

Best Power, HP 9.7 11.7 Not tested

*Bect Power at 30° B3TDC injection advance

1/4/66
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RECORDS
Records for this work are contained in:
1) Laborestory Journal No. J-494, "Ammonia Engine" issued to
C. J. Domke
2) Laboratory notebock No. 856, issued to R. L. Mieville

3) '"Log Sheet File, Project 6114", C. J. Domke
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APPENDIX B

DESCRIPTION OF BENCH REACTOR AND OPERATION

The apparatus shown in Figs. B-l and B~2 consists of a reactor,
a furnace for heating the reactor and preheating the oxygen, and an additive
solution atomizer. Ammonia and oxygen entered the apparatus separately. The
ammonia entered at the top of the atomizer at a rate cf 56 cc/min. After
mixing, the oxygen and ammonia and additive, (when used) passed into the
furnace which was programmed for a lineur temperature increase., The ammonia-
oxygen mixture flcwiang into the reactor was heated progressively to higher
temperatures until ignition occurred. The tempercture of the oxidation
reaction was monitcred by a thermocouple placed in the reactor. Temperatures
were measured in the reactor (Ig) indicated by a "kick" on the temperaturve
recorder. The effluent gas was passed directly into a Perkin Elmer Model 112
Infra Red Spectrometer which measured the concentration of ammonia.

When testing additives, the additive was fed to the atomizer by a
syringe pump, generslly at a rate of 0.0l cc/min. The additive solution
entered the apparatus through a 1/16" 0.D. stainless steel tube with a sharp
pointed tip which was maintained at a potential of about 15 KV. The solution
was charged as it came to the tip and atomized as it was pulled into the
high potential field. Atomization was achieved by charging the additive
solution fo a high potential and exposing it to & high potential field.

Additive solutions were made up previously, at the required
concentrations. In most cases the solvent used was water. Ammonium hydroxide
solution was used with hard to dissolve compounds. In the case of insoluble
liquids, a detergent was added and an emulsion was used.

With additives which did not induce ignition below 699°C. the pro-
grammer was stopped at 600°C and the system allowed tc equilibrate. At this
temperature, the concentration of ammonia was observed. This was compared
with a similar run with no additive present, and the difference was ascribed
to the induced oxidation by the additive.

The initial work with gaseous additives was performed by introduction
of the gas at top of the reactor without the voltage turned on the atomizer.
Measurement of oxidation increase was made by a differential temperature
method, The exothermicity of reaction could be measured by the difference in
tempersfure readings between (Tp) and (Ty).
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FIGURE B-.1
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APPENDIX C H '
BENCH REACTCR RESULTS ON ADDITIVES FOR
SPARK IGNITION ENGINES BURNING AMMONIA {
Concentration, 2ffect on Oxidation
Additive % _(v) of Apmonjas {
Hydrogen 3-5 Styong .
Ozone 1 " L
n-Butane 3 Weak [
Butene-1 3 "
Carbon Monoxide 3 " {
Chlorine 3 "
Hitrous Oxide 1~10 None ﬂ
Nitrogen Dioxide 1-10 " 7 _‘
Iso-Octene-n-Heptane, 80,207 3 Strong
Lube 0il Base, No. 5, Solvent Extracted 5 # “
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APPENDIX D
TABLE D-I
ADDITIVES FOR LIQUID AMMONTA WHICH I UCED. IGNITION IN BENCiZ C
Ignition Temperature,
Degreas Centigrade
No Additive > 700
additives at<€0.5% (W) of ammonia:
Styphnic Acid (0.35%) 400
" " (0.25%) 395 A
" " (0.10%) 520
" " (0.05%) 580 ;
Additives at 0.5% (w) of ammonia:
Styphnic Acid 395
Trinitrometacresol 410
Nitroguanidine 430 ,‘
Trinitrotoluene 455
Picric Acid 460
Ammonjum Picrate 580 2
Additives at 1.0% (w) of ammonia:
Ammonium Perchlorate 480
Sodium Azide 500
Trinitrobenzene 515
Trinitromethane 525
Isoamyl Nitrite 570 g
Amyl Nitrate 645
Additives at 1.5% (w) of amwonia: 3
Amronium Nitrate 540 g
Potassium Azide 685
Additives at 5.0% (w) of ammonia:
Potassium Nitrate 450
Ammonium Perchlorsate 460
Ammonium Carbonate 610
Sodium Nitrite 625
Additives at >5.0% (w) of ammonia:
Ammonium Nitrate at 7.5% 535
Ammonium Nitrate at 15.0% 420
Hydrzzine at 35.0% 510
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TABLE D-II

ADDITIVES FOR LIQUID AMMONIA

WHICK INCREASE0 OXIDATION IN THE BENCH REACTOR

Additives at 1.0% (&) of ammonia
Potassium .izide
Ammonium Nitrate

Additives at 2.5% (w) of ammonia
Potassium P-cmanganate
Sodium Dicltromate
Potassium [iichromate
Triethylamine

Additives at 5 0% (w) of ammonia
Ammoniuw Persulfate
Sucrose
Hydrogen Peroxide
Hydrazine
Urea
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TABLE D-III

ADDITIVES FOR LIQUID AMMONIA
WHICH ARE INEFFECTIVE IN THE BENCH REACTOR

Additives at 0.257% (w) of ammonia:
Trinitrometacresol
Nitroguanidine

Additives at 0.5% (w) of smmonia:
Trinitrobenzene
Tetranitromethane

Additives at 1.0% (w) of ammonia:
Nitroethane
Nitropropane
Potassium Ferchlorate
Sodiua Nitrite
2-Nitro 2 Methyl P::opanol
2-Nitro 2 Methyl Propanol N.trate

K3
£
{‘ .
¥
¥
i
i
;
;

Additives at 2.0% (w) of ammonia:
Ethyldiazoacz.ate

Py P ge  GEM) MNaN GMN SUN SUW B NS

E.
Additives at 2.5% (w} of am. :
Potassiam chlorate
Ammonium Vanadate
Tert Butyl Acetate
Tert Butyl Nitroso Mercaptan
Butyl Mercaptan
n-Butyl Ether
Acetomide
Acetoxime

o e A TMCEIINGY, L N T
Png
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Additives at 5.0% (w) of ammonia:
Ammonium Oxalate
Ammonium Acetate
Ammonium Chloride
Sodium Nitrate
Sodium Chlorate
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APPENDIX E

TEST ENGINES, INSTALLATION, AND MECHANICAL PROBLEMS
. RELATED TO OPERATION ON AMMONIA AND ADPDITIVES

Spark Ignition Engine

A CFR Research method engine was used. The standard CFR fuel
system wass omitted and the engine was fitted with a manifold that per-
mitted simuitaneous independent introduction of ammonia and additive.
Air flow measurements were made using a lieriam Laminar Flow Meter.
Ammronis flow measurements were made using a Fischer and Porter Variable
Ares Flowmeter. Average coolant and oil temperatures were about 212°F
and 135°F respectively. Mechanical experiences with this engine were:

1) Excessive leakage of ammonia was experienced through the crank-
shaft and injection pump drive seals and tha distributor shaft. This
condition was corrected by fitting lip seals to tha crankshaft, an "O-
ring" seal to the distributor, and sealed ball bearing sets to replace
standard ball besring sets.

2) Nitrogen dioxide addition resulted in extensive spark plug
fouling and substantial combustion chamber deposits. The deposits were
identified as ammonium nitrate. These deposits probably contributed to
engine wear which required replacement of the cylinder and piston. At

the cime of replacement, the engine had operated on ammonia and additives
for a total of 110 hours.

3) The ignition system consisted of an automotive ignition coil, a
4 mfd. capacitor, UD-16 spark plug gapped at .035", and a primary voltage
of 12V. No ignition difficulty was experienced in this system.

To provide some bench-mark information on ignition requirements,

oscillograms of voltage traces from the high tension lead wire were takea
while the engine was running with ammonia and with ammonia plus hydrogan.

The oscillograms chowed numercsus high voltage spikes following firing, plus
much hash on the decay curve, upper traces, Figs. E-1 and E~-2. These traces

indicate that ionization took place at about 5-7 kilovolts (1 cm £ 2 KV).

Compressiun Ignition Engine

A CFR Cetane method engine was used for this phase, Figs. E-3
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and E-4. Average coolant and oi] temperatures were 205-212°F and 130-190°F
respectively. Air flow measurements were made using a Meriam Lamin&r Flow
Meter. The injection pump rack was calibrated on heater oil. Ammonia flows
were then determined in terms of equivalent flow on heater oil. Mechsnicsl

experiences with this engine were:
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1) Piston seizure was experienced three times using cast-iron pistons
during the shake-down runsz. Thé piston seizures evidently were due to
lack of adequate lubrication and cooling, and to difficulty in establishing
proper piston~to~-cylinder clearances at higher engine speeds, particularly
at 270C RFM. One piston developed a hairline crack from the skirt to the
wrist-pin boss. No further difficulty occurre. when an aluminum piston was
subatituted for the cast-iron piston. The advantages of the aluminum piston
apparently lay in: 1) greater clearances used in fitting, 2) greater

strength of the skirt, 3) better heat conductivity and 4) less risk of
damage to the cylinder-

2) Head gasket failure was a continuing problem. Three gaskets
failed in rapid succession, Fig. E-5. The failures were thought to result
from the high pressures developed at elevated compression ratios. Several
attempts to correct this difficulty were made by substituting a homemade

copper gasket for the composition gasket which is standard with the CFR engime.

The homemade gaskets were not completely successful,

Then the engine was modified in an effort to prevent further
head gasket failures. The cylinder was counterbored a short distance down
below the valve deck, and an aluminum fire-ring was fitted to the grcove.
The ring projected above the deck a distance about equal to the crush-
thickness of the standard head gasket. The fire ring was cut from a standerd
gasket to enlarge the hole to accommodate the aluminum ring. Thrs, the
aluminum ring sealed the combustion chamber and the gasket sealed the water
jacket. The aluminum rings were cut from sand-cast aluminum.

This approach was reasonsably successful. However, the sand-cast
aluminum fire ring eventually failed and had to be replaced. Tte ring
showed heavy ablation {Fig. E-6) in the same relative location whcre the
head gaskets had failed previously. A second ring of the same material
was installed. Upon failure, it was fcund that half of the ring had dis-
appeared, Fig. E~7. Several rings were then fabricated from 2024-T351
aluminum, it being thought that the higher Young's modulus ‘might reduce
ablation occurting 'during periods whén the cylinder head might flex away
from the seal. However, upon final engine disassembly, a 2024-T351 ring
was removed which had a 1-1/2 inch segmen: missing.

This suggests that the gasket failures are probably not ccmpletely
at:ributable to pressure, or to irregularities in the mating surfaces. A
possible explenation might be that extremely high flame tempsratures exist,
compared to norral corbustion, during the pariod of spontaneous ignition of
the gaseous additives tosted. This theory is supported by the evidences
of pilot work conducted earlier (preceeding work under this contract) wherein
the engine was operated at elevated compression ratios (37:1) and high
jacket (350°F) and inlet air (200°F) temperatures for sustained periods.

No gaseous additives were used during this earlier work and ro head gasket
damage was experienced.
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3) 1Injecter nozzle sticking cccurred repeatedly during periods of
acetylene addition. Microscopic examination revealed varnish-like deposits
on the injector pintle. This apparently was due to polymerization of
acetylens during periods when pressures in the combustion chamber exceeded
the 1500 psi injector nozzle pressure setting. Increasing the injector
pressure to 2500 psi reduced the incidence of nozzle sticking. Nozzle

sticking also resulted during operation on ammonium nitrate and ammonium
perchlorate.

4) Two cylinder heads were cracked during these tests. Each crack
occurred in the wvedb between the valves. Detonation was often quite severe,
particularly with hydrogen, and undoubtedly caused this damage.

S) Erosion of the piston crown 2rea was observed, plus extensive
nibbling eof the piston corner in an area adjacent to the point where the
charge enters the cyiinder. This could be due only to chemical attack by
ammonis on the aluminum and/or to preignition.

Examples of dp/dt traces for heater oil end ammonia + various
additives are shown in Figs. E-8 to E-15.

The upper trace is injector travel and the left boundary of the
oscillogram marks the beginning of injection. Hence, at 900 RPM, we see
an ignition delay of 17° for heater oil, 37° for ammonia + n-Butane, and
37° for acetylene. Oscillograms for ammonia + hydrogen, at 900 RPM, are
not available due to failure of the pressure pick-up, however, the traces
characteristically looked like those for ammonia + n-Butane but with &
high spike on the peak.

Combustion chamber resonance is evident with heater oil and ammonis
+ hydrogen at 1800 RPM. This contrasts with the traces for ammonia + n-Butane

or acstylene vherein there is no resonance.
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AMMONIA + HYDROGEN
900 RPM
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AMMONIA + N-BUTANE
1800 RPM




CAE Report No, 1054
Appendix I

- e W -

Volume II

-3 -

1] L3
1 .
+ .
- -+
e § N NPT FPUTY T PO FTTY SN
4 v v TYoeY v T v v v v
‘ - -
]D
' 8
1 =
: L
9 t
4[ ' .
b o ' :
4 \ :
R adia FWON ST PO TSN
444 Y + -t ot
4 ' 1
H ]
[} 1.
N s
t §
I v
! |
i l : ) [
i ] 1o e

FIGURE E-14

200 RPM

AMMONIA + ACETYLENE
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EFFECT OF SELECTED ADDITIVES UPON
THE STABLE BURNING LIMITS OF
AMMONIA-AIR FLAMES

RN 66-9
18 March 1966

J. R. Williams
M. C. Hardin

Allison Division

General Motors Corporation
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INTRODUCTICHN

This Research Note was prepared by the Allison Division of Qenaral

Motors to present the technical results of ammonia additive

screening tests conducted for Continental Aviation and Engineering

Corporation under Purchase Order No. RD 101033, Continental
Avietion and Englneering Corporation is investigating ammonia as
g fuel for spark and compression ignition engines under Army
Contract No. DA-20-112-AMC..05553{T). This activity 1s under the

technical supervision of the U.S. Army Tank Automotive Center.

The addlitives to be screened in the Allison flame tubes were to be
selected by Continental Aviation and Engineering Corporation

based on the results of an independent investigation by the
American 0il Company, Whiting, Indiana. PFrior to the receipt of
definitive additive results from the American 0Oil Company's in-
vestizations, Allison recommended and was authorized to conduct
screering tests with three oxides of nitrogen and carbon monoxide.
In addition, Continental requested that screening tests be con-
ducted on ammonia nitrate and hydrogzen peroxide. The nitrogen
oxldes were c¢f Interest due to thelr apparent activity as a rapid
scavenger of the amldogen radical in ammonia oxidation (1), and
evidence that NO reacts directly with NH and NH2 radicals without

prior decomposition (2). Carbon monoxide and ammonium nitrate were

inels

‘.’)

ed hasged u

cr
]
&

tudies by American

w

o~ rm own Y om
Iom gar.y

ud
(3 . Hydrogen paroxide was of interest due to its exothermic
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decomposlition characteristics which would liberate both energy
and free oxygen during the initial combustion process. All of the
materials except carbcn monoxide were also potentially producible

in the field by the Enerzy Depot concept.

CONCLUSIONS:

l. In 5% volume, none of the additives tested increased the

——

apparent ammonia-alr flame propagstion velocity to the degree

v

obtainable by dissociating 28% cf the incoming ammonia fuel.

N e ™

2. The beneficlal effect of carbon monoxide and the nitrogen

_—

h oxides tested are very dependent upon the local fuel-alr ratlo

: of the ammonia-air mixture. '
L B ION [J

3. Nitric oxide appears to offer the most promise as a flame \
propagation rate improver over the fuel equlvalence ratic R
range of 0.9 to 1.2. However it did not significantly'exceed
the effects of 5% acetylene additions at any mixture ratio.

Also the fermation of solid deposits resulting when the

additive vapor in air mixed with the smmoniy fuel could render

its engine application difficult.

. 4, Carbon monoxide provided significant improvement to the
{ ammonis-air flame propagation rate at fuel lean (0.9 stoichio-

metric) conditions, but was ineffectual at fuel-rich condiiions.
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5. Flame stability limits were extended markedly at fuel-rich

(> 1.2 of stoichiomstric) conditions by nitrogen dioxide

mcaeia)

addition, but the benefits were minor in the stoichiometric

t\w w‘

region, Undesirable solid depousits were also experienced

3
}}
§ < with this material In the fuel-alr mixing region.
.
3 6. No conclusive results could be obtained as to the effect of
i
§ ammonium nitrate additions due to inject?! n and mixing pro-

blems inherent to the test burner system.

T ed

7. The burner used in this investigzation is useful for screening

the effects of gaseous or readily vaporizable additives upon

-
| P

the propagation rate of ammonia-air flames. Hoﬁever, it ir

RN

not suitable for evaluating non-volatile additives without

N R
| —

tooww

development effort beyond the scope of the present project.

RECOMMENDATION

«
[

Further additive screening with the presently developed test

purner is recommended only for readily vaporizable materials.

; DISCUSSION:
Tegst Equipment

ammonia fueled gas turbine burner investigation was used. The

= (%)
i [ The Powling type flat flame burner develcped for the previous

basic configuration is shown in Pizure 1. The fuel-air mixture

i. ? is admitted through the inlet port at the base of the burner. The

normally gaseous or vaporized additives are admitted to the air

L o
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strear ahead of the fuel-alr mixing point. Mixing of the fuel

and air-additive mixture is completed as the mixture progresses
through the glass bead filled section in the base. After passing
through a sintered stainless steel flame arrestor, the geses flow
through the honeycomb-glass bead-honeycomb section to flatten the
velocity profile of the effluent gases. The burner is encloaed
within a 2.9 in. diameter jacket covered at the top by a screen to
minimize effects of random alr currents and convective diffusion
of outside 1ir into the reaction zone. The burner mixing section
and fuel and air inlet lines were wrapped with resistunce hesating
tape to provide controlled inlet temperatures from ambient to
500°F. The air, fuel, and additive flows were individually con-
trolled and measured, and the temperature snd pressure of the
incoming mixture was measured in the burner mixing section. A disc

type flat non-diffusion flame adjacent to the top of the 1/16"

honeycomb surface results at stable burning conditions; When stable

burning limits are approached, the flame normally lifts abruptly
from the surface and blow-out results. This condition is readily

reproducible,

The previously described system was suitable for testing the
normally gaseous or readlly vaporizable additives. However, to
evaluete ammonium nitrate, modifications were necessary. Electro-
static atomizetion end distributisn of a 50% by weight of aqueous

ammonium nitrate in the mixiag zone velow the burner flame-hclding

grid was attempted. This approach was selected based upon recent

-4-
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work at California Research Corporation + The ammonium

nitrate additive supply and electrostatic atomization system is

é ﬁ' schematically shown in Flgure 2, and the final burner configuration
E / is presented in Figure 3. A number of varliations in location of
3 5} the charged grids and the additive inJector were explore@ with oniy
E limited success in obtaining the desired additive solution dis-
? ;; tritation across th- -eaction zone.
{. : Due to the thermal instablility of vaporized hydrogen peroxide, the
- electrostatic atomization approach was planned for use in examining
{} this additive. In addition, passivation of the peroxide inlet
. system and minor modifications to aveld trapping hydrogen peroxide
%}"**'M* at any point in the system would also be necessary. Due to the
g} difficulties encountered in effective electrostatic atomization of

tae aqueous ammonium nitrete, and the expence required for rig

j modifications to test hyarogen peroxide, no attempt was made to
<
obtain data on this material when information was recelved that the

f project was being terminated due to redirection of the total prozram. i

0 v AP

Experimental Technicue

For this screeriing effort, all gaiseous additives were checkad av a

concentration of 5% by voiume of fuel flow. 8tabls burning was

SO R R e e

established and the fuel a. =2dditive flcws adjusted to the desired

— S

test condition. The sir-flow rate was then increased or decreasad

until plow-out resulted. This point is normally a sharp and

TP
+
v

; veprodur ibie condition. An sttumpt was made to run only the number

-5.
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of test points necessary for comparison of the additive effects.

Determinatlions of the effect of €O, Nzo, and NO additives, and a
haseline of ammonia-air were run at amblent (77°F) inlet temperature
The NO, (boiling point 70°F) additive supply and inlet line was
pre-heated to 125°F to adequately vaporize the material. However,
at the 77°F arnonia fuel and air inlet temperature condition,

severe deposition of solid nitrate deposits occirred at the fuel-air

mixing zone.

Testing at an inlet air temperature of 300°F was found to be nec-
essary to minimize this deposit formation and to obtain reproducible
results. An ammonia-air baseline was also obtained at the 3G0°F air
inlet temperature. The limited scope of the prcgram and the
indicated additive benefits did not Justify the additional deter-
minations of CO, 520, and N0 effects at 300°F air inlet temperature

to provide the same baseline for all evaluations.

In the attempts to evaluate the effects of the ammonium nhitrate
solution additive, the ammonla-air flame was stabilized and a
metered flow of the additive injacted with an electric potential of
12,000 to 18,000 volts between the injector and upper honeycomb
section. Potentials greater than 18,000 volts resulted in arcing
between the fuel injector and the grid. Atomization benefits of
glectrostatic field were evideni, but an even dispersion across

flame holder area was not nbtainable. At adcéitive flow-rates

P o e s Graam e a o - P
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Zreater than 5% by weizht, flame yuenching or arcing was experienced.

Elevation of the inlet air temperature to 500°F and modifications

to the injection procedure did not resolve the problem.

Test Resulﬁs

Flame stability 1limits ovbtained in these tests are presented in
Figure 4 and Figure 5. The vertical ordinate in both figures is

fuel equivalence ratio or the cperating fuel-air ratio divided by

Sy i e ey Py

the stoichicmetric fuel-air ratio. In Figure 4, the maximum stable

burning limits are plotted in terms ¢ burner air flow veiccity at

o

the inlet air tempevature. Figure 5 presents the same data on the

basis of total gas flow velocity. While the veloccity limit ~values

sy

CED N

differ in the two figures, the relative ratings of the additive

P

effects are not changed.

Due to the variations in inlet air temperature found necessary for

examination of these additlves, the influence of the gaseous addi-

tives upon the meximum stanle ourning limits 1s more easily compared

. in Figure 6. Here th=2 percentage improvement in blow-out velociiy

oy

is shown for each additive over that for the ammonia-alr flame &t

the same air inlet temperature and fuel equivalence ratic. The

ot

irluence of pre-heating the ammonia-air mixture to 300°F ?3 also

o=y

compared with 77°F ammonia-air limits in this figure. Also plotted

in this rigure is the improvement in flame stablility limits afforded

ey

by the additions of 5% by volume of acetylen.(7).
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The following observations can be made from the Figure 6 summarizing ‘g

presentation. In 5% by volume additions to the fuel, none of the

ressd

additives tested - in this project appear as beneficial in improving

=]

the ammonia alr flame propagation rate as partial pre-cracking (28%)

of the ammonia. Acetylene additions at 5% volume are also competiti:t

o

with the additives investigated herein. The flame propagation effec

of the additives varied significantly over a relatively narrow range ?

I
of fuel-air ratio. The "fuel type" additive (CO) exhibited a marked N
improvement in the fuel-lean aree only, while the nitrogen oxides gl

‘effects were larger in the fuel-rich rezion. Of those materials 3
examined, nitric oxide appears most promising as to flame propagation ij

rate improvement. :;
’ t

Quantitative data was not obtained for ammonium ritrate additions
due to the atomization and additive distribution difficulcles o
previously described. Qualitatively, it appeared that the ammonium !
nitrate might be improving the propagation rate of the flame. When '

the ammonia flame initially separated from the flame holder, a pale }j
green reaction zone, characteristic of ammonium nitrate flames,

i
remained attached to the flame holder. The injection operating f
difficulties and the transient character of this condition prevented %

§,
its detailed examination. -

~
Burner system fouling encountered during operation with NO and NO, 43
is also of significance to considerations of practical application g
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of these materlals in ammonia fueled engines. In owr tests, the
nitrogen oxicdes were admitted to the air stream prior to mixing
with the Tfuel. Downstream of the ailr-fuel mixing region is a
sintered stainless steel filter disc. Deposii formation was en-
countered wheie the fuel and additive containing air flow joined
in sufficjient quantity to block the sintered filter. Chemical
analysis indicated these deposits to be ammonium nitrate. Removal
of the sintered filter screen and the 300°F inlet air temperature
used for NO2 testing alleviated the prcoblem in our case, but this

condition could be detrimental in extended engine operations.

While only comparative, the relative values reported hereir. on
additive effects are believed to provide a valid screening of
gaseous additives based upon previous correlations between this

test and engine performance. However, extensive modifications

to the bench burner approach appear to be necessary before meaningfu
data can be obtained on materials such as ammcnium nitrate which

cannot be readily vaporized.

-9.
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AMMONIA FUELED SPARK IGNITION ENGINE
DISSOCIATOR DEVELOFPMENT

Allisen Divigion of Gener:l Motors Corg.

AMMONIA DISSOCIATION BACKGROUND DATA

——— — T — - ——— - — - G m — e m— -

Catalytic Material Iavsstigation

Farly in 1964, Allison made a survey of the use of catalysts in the
anronia industry. as a result of this survey, the following four
catalysts were gselected f£or investigation:

Triplv promoted firon (ICI 35-4)

Nickel on alumina

Iron on silica (G-47)

Platinum on alumiac

Preliminary tests were run to evaluate the effactiveness of the
various catalysts vs. no catalyet ot ammonia flow rates of 1.3 1b,/hr,
and at various temperatures. Results are shown i1 Figurs 1, As inéicated,
the promoted iron was the only caralytic material showing any measurable

increase in dissociation rates. No further tests were made with the

other three catalytic materials,

In August 1964, a subscale ammonia dissociator was designed and
fatricated tc determine the perfcrmance of & disscciate under simulated
engine operating conditions, Uissociation of the amv - .« fuel was
achiaved by passing superhcated ammoniz vapor through a bed of triply-
-promoted iron oxide catalyst which was heated by engine exhaust gzses,

The effect of exhaust temperature on the dissociation level at various

BT U A Ny ke TN T St R T e St gy
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Fige 1. Performance Comparison of Ammonia Dissociaticn Catalysts.
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amronia flow rates was determined by operating the d.esocistor st exhaust

gas tewperatures above and below the equivalent engine temperatures.

Resulits of rhis investigation sare shown in Figure 2,

1~14; Engins Dissociator System

In the 2arly stages of the preseant contract. &nrd before actual engine
data was &vailable, Allisun was given the assignmeut to design and develop

a dissociator Jjor the L-141 engine. Th( following design criteria: Jere

established:

Fuel enrichment ~ 2,5 parcent Hydrogen by weight '
??2 » Hz x 100

52 -+ Nz -+ NH3
Fual temperature - The partially dissociated amonia fuel to ve
cooled to a temperature compatible with
raguirements of the carburetor.

Phyaical size - To permit installation in the M-151, 1/4 Ton vehicle

Draign parameters ~ Baged op 2400 r.p.m. g2eoline engine data
(See Table I),

Disgocistion Producta Coolexr

The dissociation products cooler -~ ammonia vaporizer consisted of
two helicsl coils enclosed in a 3-1/2 inch stainless steel shell. The
high temparature partially dissociated ammonia from the dissociator
was coolad as it passed througth the inside of the coiled tube and the heat
cejected was used %0 vaporize the incoming liquid ammonia which psssed
over the outside of the tubing. Calculations based on tests of the sub-

scale dissociator indicated that the dissocietion products would be cooled

PR

te zpproximstely 80° F. The heat rejscted by cocling the diasociation
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Dissociator Design Parameterz at Selected L-141 Engine Condition

Engine speed

Manifold pressure

Ammonia flow rate

Adr flow rute

Exhaust gas temperature
Ammonia inlet tempersture
Ammonia pressure

Dissociator producta temperature at cooler inlet

2400 r,p.m,
18" hg. a.b.s,
40,35 1b./hr.
245 1b, /br.
1275° F.

32° F.
1 5845 PaBaiete

820° .
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products from 82007 to 80°F, was sufficient to vavorize about b of
the incoming liquid ammonia, The overall size of the diss.:iation
products cooler-ammonia vaporizer was 33-inch diameter by f inches
in length, Design details are shown in Figure 3, Allison dsswing
FX=73993, Continental drawing 595713,

Preheater-dissociutor

The dissociator unit for the L=1ll engine was designed to be attached
to the engine exhaust manifold and to utilize exhaust waste Lec. to
brehest and dissociate the armonia, The preheater section consisted of
tiro helicol coils of 3-inch stainless steel tubing wound in opposite
directions and jcined by a reverse band to minimize thermal distortion,
" catalyst bed, fabrizated of 2 3/8-inch stainless stuel tube, was
rositioned inside the preheater coil, Fight longitudinal fins on the
catalyst and supporting the preheater coil, Five pounds of triply-jro~
moted iron oxide catalyst (ICI 35-4) were packed i the catalyst tube,
The catalyst was retained by cones of 20-mesh stajnless steel wire
cloth, The preheater coil and catalyst tube were encased in a Ldwinch
steel shell, 19 inches long., Diametrically opposed exiiaust ports were
located at opposite ends of the shell, The exhaust gas flowed axially
throush the shell, acrons the preheater coils and parallel to the
catalyst tubs,

The dissociator was designed to comnlete vaporization of the ammonia,to
hest the ammonia vapor to dissociation temperature, and to dissociate
1,2 percent of the ammonia (previding 2.5 percent hydroger by weight),
During the single pass through the prsheater-disscciater, the exhsust

gas was cooled from 1275° to 975%  Design details of the preheatere
dissociator are shown in Figure L, Allison drawing SK-15363, Continental
draving 595711,
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Fig, 3. EX«73993 Dissociation Products Cooler,
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Two dissociator systems were fabricated; one for bench testing at

Allison, and one for ongine testing at Continental,

Preliminary Testing of L-141 Dissociator

The L-141 dissociator syster consgisting of the EX-73993 cooler-
vaporizer and SK~15363 preheeter~-dissociator, was installed in the
Allison burner teat rig. Liquid armonie was available in the test cell

at room temperature anu at 225 p.s.i.g. pressure. Hot exhaust gas was

furnisned by a JP=4 (hydroecarbon) fueled combustor. Instrumentation was

provided to measure pressres, temperatures and flows at all critical

locations,

Performance data obtained at temperature and flow conditions
correspending to engine operation at speeds from 800 to 360G r.p,m. and
at manifold pressures from 12 to 30 inches of mercury are shown in
Table 1I. The fuel enrishment provided by the dissociator at various

simulated engine conditions i8 shown in Figure 5.

The excessively high cnoler outlet temperatures shown in Table IX
were due to liquid ammonia being thrown to the outside of the coiled
passages and a large amount of the heat transfer surface was not being

effectively used, Th.s situation was corrected by repiumbing the

products were on the shell side.
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Preliminary engine cesting of the dissociator system was terminated
at an early date because of IGI 35-4 catalyst disintegrated into a fine

powder that could not be retained in the catalyst bed,

Modified 1-141 Dissociator System

The tendency of the granules of ICI 35-4 triply p;omoted iron catalyst
to disintesirate under temperature and vibration conditions encountered
in engine operation r..ndered it clearly unsuitable, Several attenpts were
made to usc this catalyst in another form, such as sintering into a
solid plug and plasma spreying on stainless steel mesh, These

approaches were all unsatisfactory.

A number of other catalysts were investigated as subatitutes for
ICI 35-4, Among these were promoted iron (KMIR), stainless stell,
Incomel and nickel. Porous unickel in the form of '"Foametel’ was
finally selected due to the large active surface area and high mechanical
strength. The relatively low activity of the nickel catalyst necessitated
a complete redesign of the preheater-digsociator unit. A new set of
design criterian, based on actual engine test results, were established

as follows:

Fuel enrichment 1.25 percent hydrogen by weight
at 1000 v.p.m, full throctle to
3.15 parcent hydrogen by weight
at 4000 r.p.m, full throttle,

Fuel temperature The partially dissociated ammonia

fuel to be delivered to the carbiretor

at a temperature of 50 - 100~ F.
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Design parameters Based on 2400 r.p.m., full throttle
operation of the L~14l engine on
hydrogen enriched ammonia fuel
(see Table IXI).

TABLE 131

Revised Design Parameters for L~141 Engine Dissociator

Ergine Speed 2400 r.p.m.
Manifold pressure 29" hg a.b.s.
Amwonis flow rate 37 1b;/hr.
Air flow rate 220 1b, /hr.
Exhaust gag temperature 1235° 7.
Ammonia inlet temperature 32° F.
Ammonia pressure 58.5 p.s.i,a.

Dissociation products temperature at catalyst outlet 1025° ¥,

The prehester-digsocistor waz redesigned with an automxtic bypass
arrangement so thst only part of the ammonia vapor would flow over the
cata’yst bed. In order to obtain a low pressure drop &cross the catalyst,
the Foametel nickel was machined into 16 discs, each 29/32 inch thicx and
3,275 inches in diameter. The discs were separated in the catslyst tube
by 3/32 inch spacers, and internsl menifolding wae providel so that ammonia
flowed through the 16 ¢ises in parsllel., The catalyst bed was installed
in a stainless steal tube 16-1/2 inches long, having 32 longitudinal fins
to increase heat trausfer., Two double helicol coils of 5/16 inche
stainliess st
providing four parallel flow paths for the ammoniu vapor, A thin

cylindrical shield was placed around the catalyst tube to dirazct the

VAL, - A A AT RN s &
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exhaust gas flow. The preheater coils and catalyst tube were encased in
a 6 inch stainless steel shell. . split 3-1/2 inch tube, extending
the length of the preheater-dissociator shell, contained a 70 inch length

of 1/2 inch tubing which served as en auxlliary evaporator.

Exhaust gas from the engine enters through the center of one end
of the. preheater~dissociator shell, flows along the catalyst tube, hack
ecross the preheater coils, out the side of the ghell into the auxiliary
vaporizer section, axially through the auxiliary vaporizer and exits into
the vehicle exhaust systewi. Design details of the modified preheater-
dissociator are shcwn in Figure 6, Allison drawing EX-79016, CAE

drawing 595712,

Electrically Heated Auxiliary Dissociatecr

When the L-141 engine is operating under part throttle conditions with
ammonia —apor alone as the fuel, the exhaust temperatures are below
1000° F. Under these conditions, the nickel catalyst is relatively
ineffective, It was, therefore, decided to design and fabricate an
electrically heated auxiliary dissociator for use during starting and

low load operation.

The size and geome'ry »f the auxiliary oissociator was determined
primarily by available heater and tubing sizes. The auxiliary dissociator
consists of a conceatric tube heat exchanger with a Foametal niclkel
cylindrical catalyst and an electric cartridge heating element. A 5/8
inch diameter by 6 inch leng, 28 volt, 450 watt Firerod cartridge,

manufactured by Watlow Electric tanufacturing Compauy, was selected for use,
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The porous nickal catalyst cylinder which surrounded tie henting element

oo e

was l.5 inches in diameter Ly 5/19 inch vall by 7 jnches long and weigued

grproximately 1 pound, This was encased in 2 2-°1,/4 inch tube by & inehes

it

long, :

Freheated ammonia vapor from the dissociator outlet aznters the outer

annulus of the auriliary dissociator. Approximately 2/3 of the eatering

ammnia is bypassed directly to the auxiliary disscciator outlet through

& hole drilled in the inner tube, Tre remainiang ammonia flows axially
through the ¢ .er annulue, back along the heating element, then radially

througn the catalyst cylinder, ¥From the auxiliary dissociator, the disso-

s BN e BN o S S G

——

ciation products are routed into the cooler side of the FX-73993 vanorizor

cooler. A cross~sectional sketch of the auxiliary dissncistor is shown

gy
- )

in ¥igure 7,

{ Aot

Burner Riz Testing of the Redesiznad L-141 Disscciator System

Thae redesigned L-141 dissociator system, consisting of the: (|
EX-73993 cooler-vaporizor, the IX~79016 redesigned preheatev~dissociator . 3
and the electrically heated auxiliary dissociator, together with the (

necessary plumbing and instrumentation, was installed in the burner test rig, A

schematic of the test setup is shown in Figure 8, Performance data

oy,
Y e

obtained at temperature and flov conditions corresponding to enginé
operation at speeads Afror 200 to 4000 r,p.m. 2nd &t manifold pressurecs

of 15 and 29 inches of mercury are shown in ZTable 1V, The fuel enrich-

Wy O

ment provided by the dissociator at various simuiatad eagine conditions

with the auxiliary dissociator off is compared to =he desired and

N

prodicted enrichment in Figure 9,
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Engine testing of the redesigned I~-1kl dissociator system is
discussed in the main body of the report,

Design calcule“ions for the original L-lhl engine dissociator
system, the redesigned system using nickel catalyst, and the electri~
czlly heated auxiliary disscciator are included as 4dppendices i, B 2nd
C,
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Caleculated air and fuel flows for L-141 sngine

@22

Appendix III-A

Degign Galculations for L-141 Enzims Dissooletor. Svatam

Engine displacament == 141 in3

Swept volume per revolution =

-

—tal .
2 x 1728

Density of air: P ~ 7 __f%;‘;o

(aseume T = 110°F = 570°R)

1325

P=.F5 P T a0z

‘Density of aii at various manifold pressuress

/2" fp 020732 /2
/B g J0232 X /8
z/ " " L 00232X 7Y

Y g L0232 X 30

Alr waight flow per revolution at various manifold pressures. {Asiume 1QO$

volumetric efficiency):

)2 Ap Mz GWEX.0278
Sy o017
29y . HEXA5FT

70 * /o s

Assume siv-fusl ratie 6.07:11.

=

h

fe

o

1

= 0408 £°/rov

0278 L7

W4
D557

. D696

oy
G2 T

228

“

]
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1b/rev
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1b/rév
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D Cem N

woocine Sonditions Selected for Degign Point

mE

RiM 2400
; Munifold pressure 18" hg
i Fuel flow 40.35 1bs/hr
g Alr flow 245 lbs/hr
Exhaust mass flow 285.35 lbs/hr
Exnaust gas temperuture 1275°F
, Ammonia temperature 32%
Ammonia pressure 58.5 psis
Disuaciation oroducts temperature
820%F

at cocoler inlet

{ (for 2.5% hydrogen enrichment
and 5 1bs ICI 35~4 catalyst)
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Dissociation Products Coolex

Configuration: Double helix heat exchanger

Liquid HH3 on outside of coil
Dissociutbicn produste inaide coil

Asswe 18 turns ¥ OD x .032 wall tubing each helix length of tubing

(2,76 77 x 18) + (1.6 7w x 18) = 248 in

Surface ares .57 x 248 = 39C in® = 2.7 ft2

Cold side conditions: ih3 flow rate
Prassure
Inlet tsmperature
Outlet temporature

Hot side conditions: Gas flow rate
Pressure
Inlot temperature

Cooler ~ hot sides

40.35 1bs/hr
58.5 peis
320F

320F

46.35 lbs/nr
58.5 psis
820°F

L 2 o T00-069 ¢ JHPE b7 = 2063 S

Fow Bt ¢ ZZa
¢ Feot

. S0, 35 LB/
G = . Celozs 7 T

NeC=  ye57
Sl yoPs

7 T 00/035 #Z
FG 000 Z&fhrF?

F g s OTSEZ X ZI000
70 (e -
M = % = L O35

v4, 300

AR = %7" CFT = a3

Moo= s57

3 £ .23
4= 022 5 M Mot

<003 SN o5INB57 = 29 B kR F

i = et
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Vaporizer - ¢old sides
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Tor exhaust gas flow over outside of tube:
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{ Figure B-3
L-141 Dissodiation Products Cooler Performance
with Liquid Ammonia Inside Tubes
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Design Calcilations for Electrically Heated Auxiliary Dissocfator

Design Point: 1200 RPM
15" hg. Manifold Pressure
810°F Exhaust Temperature (Fig. C-1)

10 1b/hr Miy Flow (Fig, C-2)

Assume desired enrichment = 17 Hy; by weight

* 5,657 NH3y dissociated

Assune NHy vaporized and preheated to 700°F in existing dissociator.

(Figure ©-3)

' - .
From catalyst. performance curve FiyureC-5), 16% dissociation may bs obtained at

a catalyst bed temperature of, [00COF with a flow of 1.4 1bs/hr through .05 1b nickel

on alumina catalyst.

Required flow thru dissociator éfgé = 15.2%
or .352 x 10 lb/hr = 3.52 ib/hr

Qp required to heat 35.2% of Wi irom 700°F o 10000F

Q, = 3.52 1b/hr x .6! Btu/ib"F x JOOPF = 644 Btu/hr

Qq required to dissociate 5.65% of Wf

Qg = 1354 Btu/lb x 10 1b/hr x 0565 = 765 Btu/hr
Total Q = 644 <+ 765 = 1402 Btu/hr
1409 Btu/hr x .2931 watts/Btu/hr = 413 watts
Assume 24 volt source, 4i3 watts 17.2 amps
24 volts
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f.'t 700°F inlet temperature, £ssua~= 15 psia preasure

v = ;é%l = B2l . pe el

:f}c 3:.52 1b/hr flow th:u diseocigter
V = 3,52 lb/hr x 48.8 £t3/1h = 172 ft3'hr

= 2.9 £t3/min

[Rrom catalyst performance curve (Figure 3) dissociator with nickel on

Sl talyst, 1.4 1b/hr M, flow.

psizing for 3.52 ib/hr flow:

3032 = 2.5 x size
1,4

~7ea of 1,25 i{n. diameter catalyst bed = 1,227 in.z
1.227 in.2 X 2.5 = 3,06 {n.2 = 2" diaseter

Bauired catalyst bed size 1.5 in. long x 2 in. dismeter

ltalyst weight = 2.5 x .05 lb. = ,125 lbs,

Bbrting conditions (at 59°F Ambient temperature)
200 RPM cranking speed

29" hg. manifold pressure (14,2 psia)

bume MNHy vapor temparature = 597F {to cerb.)

JEsity of air

Fid

P = ?_ - 14.2 psis x 144 in,z/fcz = 0L ieif
. RT 5343 tt.1b. /bR x 5190R

. B 14.2 psia x_ 144 in,2/fe2
S RT  $0.77 Zt.1b/i50R = S5ISOR +0435 1b/£23

Bl unina catalyst will be 1.5 fn. long x 1.25 in. disameter with .05 lb.
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A/F Ratio (stoch.) = 6.05.1
Assume 9 = .95
A/F Ratio (by weight = Qggi i1 o= 6,371

0
A/F Ratioc {b? voiume) = 6.37:094;2 = 6,37:1.7 = 3.73:1

Engine Displssemsnt = 141 in.3

141 in3
Swept Volume per revolution = 2 x 1778 in3/ft3 = . 0408 ftalrcv.
]

Air flow at 200 RPM
200 rev/min x .0408 £t3/ret.’ x %&%% = 6.43 £t3/min
= 386 f££3/kr

Wg * 386 ££5/hr  x  .074 1b/£t3 = 28,6 Ib/hr
Mi; flow at 200 REM

200 rev/min x 0408 ft3/rev x ol 1,72 £t3/ain

.75

3]

103.2 £e3/he

We < 103,2 £e3/hr x L0435 1b/ftd = 4,48 Ib/hr

Assumzs 35,27 of W thru dissociator
352 x 4,48 lb/hr = 1,59 lb/hr

Assume min. Nij vapor temperature to dissociator = -59F
(corresponding to vapoyr pressure of 10 pesig)

Qh reruired to heat 1,59 lbo/hr from -S°F to 1000°F
Qh = 1.59 Ib/hr x .61 Btu/1b°F x 1005°F = 975 Btu/hr

Using the 1405 Btu/hr input, the remaining Q available for dissocistion
Q = 1409 - 975 = 434 Btu/hr

Estimated aissociation level of My out of dissociator

L1 n
G =]

=

1354 Btu/lb

P2
Zhs = 20.
1,58 1b/hr 2

e
i
X

Eatimated effective dissociation

,202_x_1.59 lb/hr
%.48 1b/he = LA

R
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Ccid start condition (Assume -40°F Ambient Temperature)
200 RPM cranking speed
29" hg. manifold pressure

4,48 1b/nr Mi3 Flow

Qn required to raisc temperature of 4,48 lbs/hr liquid from «40°F to -S°F

Qn = 4.48 1b/hr  x  1.065 Btu/lo°F x 359F = 167 Btu/hr

Q, required to vaporize 4.48 1b/hr

#

Qv 4,48 1b/hr  x 589.3 Btu/lb = 2640 Btu/hr

Total Q = 264G + 167 = 28067 Btu/hr

Assume regenerative system to cool Ni; out ol dissociator from 1000°F to 100°F

G available from regeneratoxr

Qx = 1.59 lb/hr x .61 Btu/1%°F x 900°F = 872 Btu/hr

Net Q requirement 2807 - 872 = 1935 Btu/br
1935 Btu/hr x ,2931 watts/Btu/hr = 566 watts

506 watts

24 volta 23.6 amps

!
Total pover requirement during cold start (-40°F) vaporiger plus dissociator
413 + 533 = 946 wabts

17.2 + 22.2 + 39.4 amps (at 24V)

Waight of 24V Battary with capacity of 54 amps for 5 minutes = 34 lde.
(Exide #53033)

e

o I~ B =R R - B > S o<~ R vV I ot R v
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Check Po{nt: 800 RPM
22" hg. Manifold Prassure
675°F Exbauct Temperature

7.5 1b/kr My Flow

Flow thru cissociator = ,352 x 7.5 lb/hir = 2,64 lb/hr
From 7igure C-3, NH3 is preheated to SOU®F

Q available 1409 Btu/hr

Asgume (for trinl) 5.657 dissociation of 7.5 lb/hr
(or 167 dissociation of 2,54 id/ar)

for 1% Hy by weight)
Qg = 1356 Btu/lb x 7,5 lb/hr x .0565 = 573 Btu/hr
leaving 1409 - 573 = 836 Btu/hr for heating Mij
Temperature in catalyst

836 Btu/hr
2,64 1b/hr x .61 Btu/ibvF

500 10200F

which is the correct temperature for this dissociation level (Figure C.5).

* ————
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Department of Physigs. The theoretical studies were carried out

under Dr. S, J. Lukasik, with Mr. P. Rank, Jr. performing the computer
aralysis.
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ABSTRACT

A stuldy was conduct.i to deteraine the feasibility of ucing two
knovn sources of high energy to avercome some of the difficulties fne
volved In ueing ammonia as a recipracating-engine fuel. The twe approac“es
were: (a) The employment of a high voltage, high-enersy, spark dischirge
acrass as large & gap as possible In the combustion chamber. ‘'Bomb'
tests Indicated that the desirable combustion characteristics could be
realized and that combustion of the mixiure was reliasble under conditions
of temperature and pressure which would cauce a standard ignition system
to fail completely. (p) The dissociation of inlet air {nitrogen) by a
strong local radio-frequency field, adding the recombination energy to
the cylinder-trapped gases. Differential equations of reaction rates
were solved by using computer subroutine PRECOR. Product lifetimes were

less than desired, bul temperature dependent. .

KEY WORDS
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BACKGROUND NOT REPRODUCIBLE

As @ re ult of thy Enerjgy Depot Concopt, calling for ip-the~field
precection f internei=cmbuntimeungite fu 7, the feasihility of uing

arky lrous amonia as a fuel has Hecoms of fat rrent,

The suitability of avwnia as a fuel fu:r the internal combustion
engine depends on the answers .5 a nusber of gquestions., Some of these
iavolve the cost and toauidiiity of producing amwnia in the ficlo;
others refate to the charact-ai.tics of an 3rvmia-fusrled engin , such
as cace of storting, poawer outul, tability f operation, ecwe.; still
others cuncern the myiification: thot might be reauired to enable the
cngine to use ameria as a fuel, anaiae corrosion resulting from the

combustion products, and so or.

Tuo peculiaritive of the ¢4 u tion of thi, gas, 3s crpared dith
comibu tion of acraal by ‘rocarben fuels, are of particuiar importance.
The fir-t i the relatively large wrunt of vner jy necessery Lo iynite
the yactarts, anc the seeond i the relatively siow spued of flame prop-
agation,

1t was therefure proposed to dissociate ur ionice elther the in-
take gases or the cyiinder-trappe’ yases, to aid und accelerate the
oxidation prucess {n the combu-tion chamber; and thin prugram was under-
talen to examine the feasivitity of using two knuwn higheenergy svurces
ts achieve these ends without major modifications to present engines.
Mcthods similar to those sclected had alrcady been usced on & larjer
scale, to produce hich energy for mobile radar cruipment and biqghe

temperature fu; ing ecuipment.

The present work was divided intc two basic tavks: (a) the inves-
tigation of an arc discharac of mudrhigher energy than is custonary in
spark=-ignition application:s, and (b) the ditsociation of molecular nitro-
gen by passing the intake 8ir through an intense local radio-frecuency
(RF) fictd.
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HIGH-ENERGY DISCHARGE STUDY

It has boen shoun in provi-w word that the comhu 1w of awnia
can b initiated thiough spark devices. Hawver, ordinary «park devices
operating on pure ammonia and alr nivtures hove 1:ft quch to be desired,
When'

supplicd at a pnint source, the energy does not comper-ate for the

since the energy they make availahle Is marginal for ignition.

extrancdinarilv low flame speed of ammonia fuel.

The purpese of this stuiy was to learn uhether or not a high=enuergy
Fine Jischarye by the longest possihle path could alleviate these probiems.

It was first assumed that, if many tines -he minimum ignition
encrgy were available, amwnia decomposicion would (on @ sufficiently
large scale) result in the realizat e of better burning propertic:.
sec ndly, it was assuwcd that, if much of the volumw of the chamber were
to ke affected by ioniration cue to the discharge rather than by the point
source presented by ¢ spark plug, the low flame speed would not have to
be ¢ritical.

The investigstion was conducted by means of a laboratory pulse
generator vhich discharges its high energy by means of clactrodes mounted
in a "bomb'' chamber containi.ug controlled mixtures of amwunia and air al
various pressures and temperatures.
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APPARATUS

A ''homb'' chamber with internal confiquration approximiting the
combustion chamber at TDC nf tho LDS-465 cngline was desi med and built
by u.ing th~ upper portion of a piston from that engine and a flat plate
. to simulate the cylinder head (sce Fig. 5). &everal variants of this

o e e

| Sn——

head were built, to allow for testing of different electrode configura-
Roct

tions. The mixtures were introduced into the ""bomb' from high-pressure

T—

tanks by means of pressure-regulation devices and vilve arranqcements,
as shown In Figure 1.

The iritial plan called for In-house design and construction of
the high-energy pulse generator. |t was found, however, that the
E { Yobe-Dsutschmann Company had just begun tc menufacture @ unit rapresent-
: ing the forefront of the state of che art. The:ir unit is cepable of
preducing up to 10 joules st up to 200-kV output pulse, with a duration
i of 1077 seconds. The tnit recuires only a 10~kV, low current supply.

)

. In physical size (exclusive of puwer supply, it measures approximately
8 inches in diameter by 4t inches in height.

- A standard coil and breakes ignition system was used for come

i parison. A Delco-Remy 128 2atl was uaed, By incressing the primary
S voltage, output energy up to about 60 millijoules was made available. ]
Z Spark~plug yaps ranged from 0.020 vo 0.060 ind'cs,

Ar W W QR L™ i
f..

P Bynamic pressure measurements were taken with a Kistler natural-
f i aquartz piezoelectric transducer, an amplifier calibrator, and &

i Tektronix oscilloscope. Pressure~time recordings were made by means
; 2 of an oscilloscope camera (see Fig. & for typical exsmple).
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TEST PROGRAM

In order to test the pulser, atmospheric discharges with varying
arc length were tried. Spectacular arcs up to 10 inches in length were

drawn (see Fig. 2). When of any length in excess of about & inches, the -
arc is not confined to a single main boit, but rather Is spread to many
flne tendrils following the lines of the electric field. —

Automotive spari. plugs, suitably modified, were selected for use as [ 1
electrodes. Hodification entailed the cutting away of the grnund ~

electrode and a portion of the thread., in order to provide spacing

a8iccuate for prevention of flash-over.

A series of '"open alr'' observatinns was made, with the electrode ‘
mounted In the head plates io determine the path of the arc. A strong ;J
tendency to ''short-cut'' tiirough the head plate was noted. A considerable

to centralize the discharge in the combustion chamber ard provide a long

measure of care had to be exercised in locating the electrodes, in order J
discharge path without causing the ar: to short-cut either to the head J

or piston crown (see Fig. 3;.

After @ few firings in the prissorized chamber, the performence of i

tion at the spark-plug nose had been punched thruugh by the discharge,

- —
- ——

teducing the arc’s length and sevareiy masking it. After some trial and
error, it was found that certain series of Autolite plugs have signifi=
cantly thicker insulation at the nose. These performed satisfactorily

throughout the remeinder of the test program.

An effort was made to use hydrocarbon fuel, in the form of gasoiine,
for reference and calibretion. Since the test equipment wes designed for
gaseous fuel, difficulty in controlling the air-fuel ratio and the degree J

o, vaporization rendered this approach impractical. The obvious re-

course was to use 8 gaseous fuel, thereby permitting familiarization wich J ;
the gas-handling ecuipment for air-fuel ratio control (cee Fig. 1)},

|
I the system deteviorated rapidly. it was found that the ceramic insula-

|

s

|

E Thus, ev n though hydrocarbon fuel would have procsided better refarence

T aTeANewn oy s e

[ 2 Y

[~

data, hydrogen had to be used for check~out and calikration.
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The optimum afr-fuel rati> with hvdrogen was determined experimen~

R=1122

tally. A determination was made of the effects on tots!l combustion tiae of
total chamber pressure and of total discharge energy at lean air-fuel

ratios.

Ammonia combustion was then attempted. Again the optimun air-fuel
ratio was experimentally deternined. The differagce in total! combustion
time between hydrogen and ommonia fue! was very cliearly evidenced, not
only by the oscillograph record, but by observations through a quartz
window in the combustion chamocr. Reliable amnonia combustion was
achieved with the high-enargy system, for all pressures in the range from
200 to 600 psigy.

The effec .:f discharge energy 2t cunstant total pressure was in-
vestigated next, for air-fuel ratios at or ncar stoichiometric. It was
found that combustion time did not increase significently even at the
lowest energy of which the pulse generator was capatle (about § joules).

For the sake of converience, these first tests were nerformed with
the bomb and gases at room temperature. It was felt that these conditions
(and the lack of turbulence and swivl), although not realistic, were very
much more severe than those in an actua! engine. Chamber temperature
was then ~levated by insertion into &n oven -- with a practica! limit of
710°R set to pravent damage to eauipment. The temperature dependence of

combustion time and pressure rise was thus determined.

Up to this time, all tests had been performed with a head plate
which provided a 3/16-inch qap 3/8-inch below thc head (see Figs. S, 6,
anc 7). Now a second herd plate was Installed in whizh the arc was placed
deeper ii. t.» chamber (3 inch) and lengthened to 3/8 inch; and the tests

werce repeated.

i

[
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RESULTS

Experimental results are plotted in Figures 8 ihrough 15. Figures
8, ©, and 10 show the results of catibration runs with hydrogen.

Figure 11 Indlicates the determination of best fuel=-air ratio, on
the basis of minimized combustion time. This was found to be slightly

in cxcess of 18«percent amumnia by prussure.

The effect of total initial pressure on the total combustion time
is relatively small in the region tested (see Fig. 12). The variation
is Bn the order of 10 mi!liseconds about the average of about 100 msec,

showing no specific trend.

The effect of discharge eneryy on total combustion time, shown in
Figure 13, is alsu small in the range provided by the pulse generator.
The energy provided by a coil and breaker ignition system, however, was
inspfficieﬁi to initiate combustion at all. This scems to indicate that
the pulse yenerator is much more preductive than necessary to obtain
reljable, rapid combustion. Perhaps the most interesting feature of
Figure 13, however, is the larye difference in total combusticn témc. at
all energy vaiues, between the small= and large-gap elcctrode configurae-
tions. The combustion time with sacli gap is néarl9~ha!ycd in guing to
the farger gap. This sutoorts the initial premise that increasing the
amount of gas affected by the discharge (by -increasing arc lenyth) would
tend to counteract the siow flame speed of amonia.

The effect of temperature on combustion time is plotted in Figure
14, Combustion time decreases significantly with temperature, for both
large and small discharge paths. Of morc intoresi than the actual values
in the range tested is the trend indicated by the curves. Polytropic
compression (k=1.35) with compression ratios of 10 and 20 yiclds com-
pression end tempcratures of about 1200° and 1460°R respectively. A
conservative extrapolation of the curves in Fiaure !h‘ylclds results on

the order of a few miliiseconds == i.e., the practica! ranae for an engine.

Pérhaps the most interesting combustiun characteristic is the rate
b4

. - ‘
of prossure rice. In Figure 15, sressur

r
against temperature, with the initial pressure &nd discharge length as

o | orrmine)

e
g

=3

i WD e s 4

T i 1,
yraguruase

SR




R=1122 CAE Report No, 1054
Append x IV
Volume II

the parameters. The pressurc rate is very strongly affected by the dis~
charge length, the longer path yiciding between two and three times the
rate of the shorter path. Also, the increase in rate with tempcrature

s quite strong. These results can bs interpreted in terms of an engine ;a
by relating pressure rise per millisecond to crank-angle degrees of an

rotation. In 8 diesel engine, pressure rates of 3 to 6 atm (44 to 88 psi)
per degree are normal. An engine with 10:1 com:ression ratio will have
compression end conditions of 1200°R and 330 psig. Likewise, the 20:1
engine will have 1460°R and 840 psig. Extrapolating the experimental

data conservatively, and dividing by 1.2 to convert to crar® angle at

A

2,000 rpm, we obtain 6 and 10 atm (88 and 147 psi) per degree cranksnaft,
respectively, for the two compression ratios.

In summary, the high-enerqgy system produced reliable combusticn
under much less favorable conditions than one would expect in an engine

even under adverse conditions such as cold starting, and =~ in fact --

even under circumstances in which a standard ignition system failed to

” snginc. At 2,000 rpm, one millisecond is equivaient to 1.2 degrees of

produce ignition at all. Er.tr'apolation of resuits of tests indicates that
] 8 high-energy system can reduze total combustion time to approptiate -
i} values. 1{f this encray is relessed throuch a larqe portion of the mixture,

, oressure rates can he raised =ufficicntly for engine nperation, even in
L a test chamber without turbulence, and at low temp~ratutes.
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CONCLUS 10NS

it has been demonstrated to our satisfaction that the initial
assumptions (witn regaru to the effect of @ Nigi-wiieiygy |ine discharge)
hold -~ and thet anionia=conbustion chaructes . . 'v. are erhavced hy the
use of a high-energy line discharge.

It is highly siynificant that the high-energy system ignited the
mixture at conditions under which the coil and breeker system failed
complietely. It is also very siynificant that increasing the arc length
reduced combustion time drastically.

To arguments against the extrapolstion to engine temperatures,
from test temperatures, it may be puinted out that these extrapolations
were made very conservatively. (Furthermore, even at the temperature of
7|0°R the pressure rate is on the order of 3 atm per millisecond, and the
results show a safety margin.)

There are strong indications that the enurgy needed to yield the
improvement in cornbustion is less than that produced by the laboratory
puise generator, and that a unit for engine use could be smaller. In
preliminary discussions, representatives of the Tobe-Deutschmann Cumpany
have indicated that a unit of reduced energy capacity can be built with
repetition rates commensurate with engine requirements, without encounter
with any great technical difficulty. Furthermore, other manufacturers of
high-energy pulse systems are developing units which may be applicable,
ancd asvailable, soon.

 messs SN snacoor R et

L~

{

—y
-

= G




E

AN

4

P

e B —— B I ]

P p— TS T

-3

R=1122 CAE Report No, 1054
Appendix IV
Volume 11
RECOMMENDAT 1ON

in the light of the promising results of these tests, it is recom=-
mended that a pulse generator with attendant eauipment, suitable for
engine operation, be assembled and tested. Several engines should be
selected for the purpose and modified to incorporate electrode location
and spacing which will enhance, to the maximum possible extent, the
properties found.-desirable in this study.
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RADIO-FREQUENCY DISSOCIATION STUDY

Ruring early discussions of the problems presented by ammonia-
fueled internal combustion engines, attertion was centered on the
question of ignition. The larger ignition energy and the slower flame
speed for ammonia-air as compared with hydrocarbon-air mixtures suggested
cons ideration of aiternatives to the conventional spark ignition., One
scheme that appeared to be attractive was that of dissociating a psrt of
the incoming nitrogen in a manifold by means of an electrodeless RF
discharge. The atomic nitrogen would then be distributed to the engine
cylinders along with the ammon’a-air misture. Upon recombining, the
nitrogen dissociation energy would be recovered and would be available
for ignition of the anmonia. In this way large amounts of ignition energy
could be added to the air-fuel mixture and, most importantly, the energy
would be distributed over the entire volume .of reactants, instead of
being concentrated in a small region of space around the spark discharge.

Experience with RF dissociation of pure nitrogen indicated that
the RF energy source was not particularly difficult to construct, that
the atomic nitrogen has a sufficiently long lifetime, and that the
recombination can be #=asily stimulated by interposing a refractory surface
into the dissociated nitrcoen stream. However, il is important to note
that in the RF discharge-region relatively high temperatures exist; and
this has the effect of prolonging the atomic nitrogen lifetime. In
view of the differences between the RF dissociation of pure nitrogen
and the use contemplated here as an aid to the ignition of an ammonia-
air mixture, it was felt that theoretical calculations should be undertaken
before even consideration of any practical implementation of the idea.

Within the limitations imposed, & modest program was undertaken
focusing on two basic probiems:

a. The time scale of the nitrogen recombination as a function of
temperature and initial atomic nitrogen density

b, Signifil the presence of oxygen on the time scale
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’ These questions have been examined by solving appropriate sets of differ-
ential equations that express the rates at which the various chemical
ﬁi reactions procsed. By carrying out such calculations parametrically, in
terms of the degree of dissociation and temperature, considerable insight
i; can be obtained into the processes taking place, In Section A the

kinetics of the dissociated-nitrogen air system are discussed. This
includes all of the possibly important reactlons and their rate coeffi-
ciénts. In Section B a number of numerical results are presented for

2 series of increasingly sophisticated models used to describe the time
behavior of the dissociated-nitrogen air system., Conclusions and recom-
mendat ions are contained in Section C. Finally, in the Appendix of this
report, some of the numerical techriques employed are briefly summarized.
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KINETICS OF THE DISSOCIATED-NITROGEN AIR SYSTEM

It is assumed that, by means of an RF discharge operating in air,

N, s dissociated to atomic nitrogen.

N, =N +N §))

Furthermore, it is assumed that the corresponding oxygen dissociation
does not proceed significantiy until all of the molecular nitrogen is
dissociated. In addition, we neglect the following:

a. Mass diffusion from the manifold-reactor region
b. Wall erfects

c. Heat addition due to chemical reactions

Thus, we have as the initial state of the manifold a mixture of N, , 0, .

and N . The pressure is likely to be atmospheric and the temperature
2 300°K (540°R) depending on the degree of heating resulting from the Ri
discharge.

Primary Rearc ons

The lifetime of the atomic nitrogen is of mzjor interest. We can
approach this problem most simply if we restrict ourseives to considera~
tion of the reactions that can be supported by the initial mixture only.
One class of such reactions iz nitrogen recombination which usually
proceeds via the three-body process

N+N+M=N, +M (2)

where M canbe N , N, , or 0, . A very complete review of the
reaction-rate literature relating to this process can be found in Cary.

Reaction rates when the third body is N or N_  are weil known; the reac~

tion rate when the third body is 0, has not been specifically investi-
gated, but une can assume that it is similar to the rate when the third

body is N, . The rate of the radiative recombination process

12
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Vomme II
N+N-N +h (3)

Is negligl.’ale.l‘

Atomic nitrogen can be lest nct only by nitrogen recombination but
also by oxidation. This proceeds either to NO with atonic oxygen &5 a
prodw.t,

N+0 ~NO+O ]

or radiativecly to NO, ,

N+ 0, = NO, + hv )

The rate for (4) has been investigated by a number of workers and can be
considered to be reasonably well known.zl" 25,28,32 The rate ¥or the
radiative process (5) has been estimated by Bortner.“

Secondary Reactions

Note that (4) and (5) form 0, NO , and NO_. If the degrae of
nitrogen dissociation i+ small and/or the net effect of (2)-(5) does not
result in a significant ioss of N then the formation of 7, KO , and
NGO, can be ignored. However, if .. jnificant amounts of C , NO , and
NO, are formed, then their reactions must be cons idered alse. This
involves a large number of reactions, potentially, although cne expects
to find only a few that are actually dominant. The secondary reactions

can be divided into these classes: ;

a. Reactions of 0. or N, (which are expected to be present

in substantial amounts) with 0 , NO , or NO,

b. Reactions requiring N (which may not be present in a sub-
stantial amount) and 0 , NO , or NO,

c. Reactions reauiring 0 , N0 , and NO, only

d. Reactions requiring 0, and N,0, which are formed as
products of reactions in classes a and b

13
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These are now considered in detail.

a. Reactions of 0, or N, with 0, NO, or NO,

The three-body reaction

3 NO + NG + O, — NO, + NO, (6)

<

has (heen investigated by Harteck and Dom'les.'8 Ozone formation proceeds

cither by the three-body process

' 0+0, +M~0, +M (7)
e
or rgdliatively,
.y s g
] gy . 040,20, +hy (8)

The former has been studied by Axworthy and Benson,‘ Zas lowsky et al.39
and Campbel! and Nudclmm.7 The reaction rate for the radiative process
has begn estimated by BOrtner.“ Finally, there are the oxidation processes.

0+ N, --NO+ N (9)
0+ N, = NO+ by (10)
O+N, + M~ NO+M (1)

The two-body rearrangement reaction (9) has been extensively studied by

Kaufman and Kelsc.za Kistiakowsky and Volpi.ZG Wray and ‘!’eare.37 Clyne and
'l‘l'cwsh,9 Phillips and s::hiff.33 The two-body radiative rate for {10) hes
been ostinated by Bortner.h The three-body process (11} has been studied

by Harteck and lk:m!e:».'6
HE I
b. Reactions of N with 0, ¥iipr NO,

B ‘¥:% '?» d
The 1eaction of ¥ and 6 to MO cen take place either by a three-
body process,

1L
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N+O+M=NO+ M (12)
or radiatively,
N+ 0-NO+ hy (13)

The rate of (12) has been studied by Harteck, Reeves, and Hannella,”
Barth,z and'Kaplan and Barthzl while the rate of (13) has been estimated
by Bortner."

The reaction of N and NO can take place either by the rearrange-
ment process

N+NO=N +0 (14)

studied by Kistiakowsky and \Iolpi,26 Nicolet and Mkin.32 Kaufman and Kelso,zl‘

Herron,‘9 Clyne and Thrush,9 and Phillips and Schiff33 -~ or radiatively,
N4 NO—= O+ hy (1)

for which the rate has been estimeted by Bortner.u

The reaction of N and NO, can proceed to a variety of products:

N + NO_ = NO + NO (16)
N+ NO, -~ N,O + G (17)
N+X6, =N, +0+90 (18)
N+NO_~N +0 (19)
4,18

Reactions (16)-(18) have been studied by Harteck and Dondes while

the rate of (19) has been estimated by 80rtner.“

¢. Reactios reauiring 0 , NO , NO, only
Oxygen recombination can take place either by a three-body process,

0+0 «M~0 +M (20)

—
o
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or radiatively,
0+40=0 + hv (21)

The three«body process has been studied by Golden and Myerson.,b

and Kelso,h7 Reeves, Mannella, and Harteck,3“ Morgan, Eilas, and Schiff,29
and Kaﬁlan and Barth.zi

The radiative process has been consideared by
Nicolet3o and Nicolet and Hange.3‘

Kaufman

0 and N0 react in these three different ways:

0+ NO+ M~ NO, + M (22)
0 + NO ~ NO, + hv (23)
0O+NC~0, +N (24)

The three~body rea:tion (22) has been studlied by Kaufman and Kelso.za
Kaufmanzz3 and Ford, Doyle and Endow.‘2 The radiative path to NO, , (23),

has been treated by Clyne and Thrush.’o while the rearrangement reaction
(2k) has been examined by Kaufman and Kelso.zu

Wray and Teare.37 and
Kist ‘akowsky and Volpi.25

Finally, 0 and NO, can resct by
NO, + 0 = NO + 0, (255

Reaction rates have been reported by Ford, Doyle, and Endow.'2

Harteck ard
18 24 e 33
Pondes, ~ Ksufman and Kelso,”  and Phillips and Schiff,

d. Reactions requiring 0, and N O
The two reactions of interest thst consume O, are

0+0, -0 +0 (26)

8 nsi T v, (27)

The first of these, {26), has been studicd by Benson gnd Axworthy.3
2arlowsky et 81.39 Phillips and Schiff.33 and Campbell and Nudtlman.7
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The second reaction, (27), has been examined by Johnston and Crosby,20

15

Q-1122

and by Greaves and Garvin.

Finally, N,O can reac: withk 0 in the following two 2ossible ways:

0+ NO-0 +N {28)

0 + N,0 = NG + NO (29)

The first of these, (28), has been studied by Bradley and Kistiakowsky,S

22

-Fenimore," and Kaufman, Gerri, and Bowman. The second reaction, (29),

-
has been conside-ed by Wray and Teare3‘ and by Kaufman, Gerri, and Bowman.zz

Other Reactions

There are a number of other possible reactions that are not believed
to be important at normal temperatures and pressures. While it is con-
ceivable that they may occur during the high-temperature snd high-pressute
conditions attendant upnn the ammonia combustion, the low concentrations

of the reactants proban'y still justifies their neglect. These reactions

are
NO+ M~=N+0O+M (30)
NO, + M~ 0+ NO + M (31
0, +M~0+90 +M (32)
NO+M~0+N +M (33)

37

and Freedman and f}alber'3 have considered (30) while

5

Wray and Teare

Bradley and Kistiakowsky” and Fenlmore“ have considered {31). Bortner“

has commented on (32) and (33).

Finally, while collislonal dissociation of N, and 0z .

N, + K=N+N+H (34)

0, +M=0+0+M (35)

obviously does not proceed rapidly at normal temperature and pressure,
these reactions may play a role during combustion. The work of Cary
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in connection witir (34) has already becn mentioned. Studies of the
cotlisional disseciation of 0, have been made by Rink, Knight, and Duff,35
Byron,6 Hatthews,zf Schexnayder and Evans,36 and wray.38

Reaction Rates

Before gquantitetive calcuiations can bc made of the nitrogen recom-
bination times resulting from the preceding reaccions, one must have
numerical values for the reaction rates., These have been obtained from

several secondary sources such as published review papers and unpublished
industrial reports.

the date.

These in turn reference the primary publication of
The reaction rates are presented below in tabular form, along
with references to both the primary .nd the secondary source of the
information, In some cases the information is available as & function

of temperature, while in others a siagle value for a specific temperaturc
is given, In some cases rather considerable differences in the reaction
rates may be observed. These differences serve to emphas ize the uncertainty
attached to this type of informatinn, somctimes of the order of several
orders of magnitude. The physical arigin of these differences lies in
the difficulty of ascertaining in a given experiment the degree of
electronic excitation of the reactants ond their velocity distribution.
Thus different experimental measu~cwerts of what is presumed to be the
samne physica) quantity sometimes yield rather dissimilar results., in

such a case, however, it is often possible — by judicious choice of values
for a calculation — to set upper or lower limics for a particular reaction
roie and thereby establish its importance cr unimportance,

Reaction-rate tables follow,

18
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TARLE 1 -

] REACTION RATES FOR THE DISSOCIATED-NITROGEN AIR SYSTEM

(Primary Reactionw) ' :
8 taquation Primay Sarnndary :
Reartlon Numheo Rate Trmp, Referener Refrrence é
-y " - 2
. NONOM N 4N (M-v'l'_) ? '.uln'm'"‘s | ! cm"/qrc - he 17,02 L 3
* :
(H-N) T e LR - - . i
t (M N, ) In1g-3070-5 41 - - 4 ;
l,’hlo'" 300:'.( h6, 21 ? ‘
{ (5h0°R)
: TR 300°K I "3 i
{5h0"R) '
IE Wol & ah 3 - - - 4 ;
: ]
' K40, - 4000 4 3.3x00712 N3, 25 2 |
N 3
L 1 snip™t3 o-6200/RT - 25,32 u3
, 1" 1310.5 4172 -6600/MT 26,28 i

£ He0, N ohv '3 '0-20'2 (m,/w( - - b
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TABLE 2
REACTION RATES FOR THE DISSOCIATED-NITROGEN AIR SYSTEM
(Secondary Reactions = Typr a)
yp
Equat lan P: tmary Secondary
Reaction Number Rate Temp, Reference Referance
NOWND+0, NO,4NC, 6 103707 B 300°K 18 43
(540°R)
0+0_+1 0 +H 7 TIRAR AL 300"k ! 43
’ (540°R)
6.8!!0‘3!‘ 9300” - 3 2
3 -3
i 3x10 - 3,29,7 4
! 040,40, +h. e 107292 cudsene - - 4
; 04N, -HOWN 5 1071013 (-3750077 - 24,26,37,9.33 4
i cm’ /sec
} Q4N N, Oshs 10 10729'7 oY scee - - 4
i 04N, 4K -N,04M " 2x19733 o~ 1200/RT - 16 4
g cm /sec
;
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TABLE 2 (Contd)

REACTION RATES FOR THE DISSOCIATED-NITROGEN AIR SYSTEM

(Secondary Reactions - Type b)

Equat lon Primary Secondary
Reactlon Number Rate Temp, Reference Refrrente
NOOSM NO+H 12 onio 31105 ¢=1/2 6, 0 - " 4,2
1.5n10732 300°K 21 2
(540°R)
N4O-NOMhy: 13 107342 (3 /gee - - 4
NONO N, 40 " 2.2x10711105 (w3 seec - 24,19,9,33 4
8.3x10"" | 300K 26 2
Vi 'R)
1sxio” ! g1/ - 26,32 W
NONO N, 0%1r 15 10770'2 cnd/sec - - 4
« ) -
NONO, ‘NOIND T3 5x10" %5 cmdjsec 300°K 18 43
{540 R)
- ' )
NNO, N,040 1 3.2010" ™05 cad e 300°K 18 43
(540" R)
NeNO, N,4040 18 221074105 cwd/sec 300K 18 i3
’ (540°R)
NONO, -, +0, 19 210" ™ cmd/nee - - 4
21
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TABLE 2 (Cont'd)

REACTION RATES FOR THE DISSOCIATED-NITROGEN AIR SYSTEM

(Secondary Reactions = Type ¢}

Volume I
Equat lon
Reaction . Numher
040K 0,44 (M-0_) 20
(u-0)
(#70,0,)
210 -0, ¢hv n

O+NOWM NO, +H (N, A) 22

0+NO NO, ¢ hv 23
. O+ND ‘0, 4N 24
NO,+0 N040, 25

Rate
6)([0"“0'5 T.'ﬂ cm"/wc
2x'o-3"0-5 t°‘/2

m-;zm.s 1.-!/2

1.6x10°3?

10”3

-22

10 2 (m’/w'(.

5.5:!0'” cm6/wc

sx10”32

s.mo'”

-2012

10 rm’/wc

w-mo.s 'llz e-38600/"
r.n;/sec

10°17 ¢ /sec

3.5x50" "2

2‘,)“042'0.5

22

Temp,

300°K
{T40'R)

300°K
(5h0°R)

oc’x
(sho"R)

300°K
{sho"r)

300°K
(5i0’R)

300°K
{5ha'R)

Frimary
Relerence

sh, k7,346,279

29,21

1

31,30,48

23

h

12

10

2h,37,25

"”

24,33

Secondary
Reference

y

N

43

4,43

L3

u3
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TABLE 2 (Cont'd)

REACTION RATES FOR THE DISSOCIATED-NITROGEN AIR SYSTEM
(Secondary Rcactions = Type d)

4‘ 2 —A!

Eaquation Primary Srcondary
Reaction Numher Rate Temp, Reference Reference

N

o

00 0,40, 26  s.oxig”'! 7300077 (3, - 3 2

-1240.5 o 1600/7

7.1x10 - 3,39,33,7 4

oy

NOAO,-N0,+0, 27 8x10”!3 112 e'25°°"‘; 198-230°k 20,15 13
em’/sec  (356-L147R)

=

00".,(!’0;0”, 28 leO-"" 9.27000/“1 3 - 5,22." b
cm’/see

Dt

ps

0,0 u0eN0 29  1.7x10°'0%! e"m"; - 37,22 s
em” /sec
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TABLE 3

UNMPORTANT REACTIONS FOR THE D!SSOCIATED-NITROGEN AIR SYSTEM

Reaction

NO+M-N+0+M
NO, +M--0+NO+M
0, +M~0+0_+M
N O+M—0+N,,+M
N +M-N+N+M

0,+H+0+0+H

Equation
Number
30
31
32
33

34

35

2h

Primary
Reference

37,13

5,11

Lo,41,42,8

35,6,27,36,38

Secondary
Reference

N
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CALCULATION OF NITROGEN RECOMBINATION TIMES

We hav- considered four models for the chemical reactions occurring
after a given amount of nitrogen is dissociated., The first two models

lend themselves to analytic solutions; the last two were solved numerically.

Model |

In Mode! | we consider the recombination of N to N, by a three-
body reaction where the third body M may be 0, , N. , or N . Furthermore,
we assume that the concentration of the third body is constant.

The chemical equation is

N+N+M=N, +} (36)

and the associated rate equation is

o
N IR (37)

where niX] 1is the concentration of X , (X =N , N. or 0) and k is
the rate constant for this reaction,

If we dissociate 1 percent of the N, , then the initlial amount
o N is given by 2f/100 times the ini:ial concentration of N.. The
initial concentration of N, can be computed by noting that at STP there
are 6,02 x !023 molecules of air per 22.4 liters. Hence the concentration
of air is given by

23
-6-‘—0-2-’-(—-&3— = 2.69 x 1012 molecutes of air per cmd
22.4 x 10

If we assume air consists of 20-percent 0, and 80-percent N, , the initial
concentraticn of W , nolN] , is given by

nolN] = L4,3f x 10'7 cm3

Here we have assumed standard temperature, T = 300°K . If we assume

26
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the concentration is inversely proportional to the temperature, then
nolN] is given by

n(N] = .3 ¢x 10" (300/7)

If we assume niM] is 2 constant, then

nlh] = (2.69 x 10'9) (2$9)

!
The rate constant k is given byl'

k = 5.0x IO'3G/T cm6/sec
Solving equation (37) we have
no{N]
niN] = (38)

1+ nOIN] niM] k t

inserting numerical values,

. 1.29 x 1029

nIN) = T°

%% + (5.2 x 10'9) ¢

Ti!

5T % 10"2) we have

Therefore, for large values of time (t >>

nIN] = T7 (2.48 x 107)/t

Hence the amount N , ir this approximation, is essentlally independent
of the initial amount of N , decreases as 1/t , and is proportional to
the square of the temperature (the temperature once set, Is assumed
constant).

Mcodel 2

In Model | we assumed that the concentration of the third body

remained fixed; in fact this is not the case, for each time you form an
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N, molecule you lose two atoms for cach molecule «gained. Also, there is.
a small difference between the rate constant when the third hody is N,

or N, and 0 . Model 2 takes these effects into consideration.

The chemical eauation is the same as before, but the rate eaquation

~

M L (knIN k0 DT+ ko (0,1) niN] (39)

where kn is the rate constant for N, or N as the third body and ko
is the rate constant for 0? as the third body.

The solution. for (39) is

‘ "om] niN] niN "om]“) -
- | 40
(K] len_[NJB K ¢ TR 199 ) R INT\ nTHTeE o

©

k
() -
where B =n [N.] + % n [N] + k. nl0: and

\9
k, = 5 x IO'”/T \...Glsec oo
k, = 3x 107301 cnd/sec

Therefore as the concentration decreases we have

I ] "™ *8Y-
nnln; log 1n:n ( s ) <)

o

and hence the solution takes the same form as (38) with nlM] replaced
by B,

If we plotted the Mode]l 1 or Mode! 2 zolution on a logarithmic scale,
we would expect asymptotically to have a& straight line with slope -1 |
Figures 16 and 17 show the results for Models i and 2 for 10-percent dis-

sociation at T = 300°K and at T = 600°K . Several points are apparent
from these figures. First, the time sc

st e ¢
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[
- the T

recombinalion is short.
At about 0.) msec the atomic nitrogen concentration has decreased by two
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nrders of magnitude. By this tine the asynptotic behavior has been achieved

so that n[N] 1/t ; hence the atomic nitregen concentration decresses by
another order of magnitude by | msec. To put the time scale into proper
perspective, one can assume an average ‘linear flow velocity from the
manifold into the cylinder of about 100 m/sec. |f the distunce from the
2tomic nitrogen source to the cylinder is 5§ cm, then the transit time is
about 0.5 msec and so a sufficient amount of atomic nitrogen must Sure

" vive to times of this order of magniiude if it is to assist in the ammonia
combustion.

The second major point is that high temperatures lead to higher con-
centrations at late times. This is due to the 1/T dependence of the
recombinat ion constant, At higher tenperatures k decresses and so
the recombination proceeds more slowly. The manifold temperature will be
of the order of room te-perature (300°K) while the cylinder temperature
at peak compression may be of 700-800°K. It was with these temperatures
in mind that 300°K and a conservative 600 K was assumed. However, the
major sjgnificance of the 600°K calculations is to demonstrate the direc-
tion of the temperature dependence of the reaction rates, since it is the
lower temperature manifoid conditions that are expected to control the
atomic nitrogen recombination.

The third point is that aside from scme minor differences for times
less than 0.1 msec, Models | and 2 qive identical results at both 300°
and 600°K. This s:nilarity is what one expects when the degree of
dissociation is small, If nOYN] is not larqe, the third-body concen-
tration is almost constant, Regardless of the initial dissociation, there
will always be some late time when n[N] has decreased sufficiently to
a point where the thi[d-body concentration is no longer changing signifi-
cantly.

Mode!l 3

Up to now we have neglected any reactions involving O, with N,
The two most sigrificant are

"2) e-3300/7 Cm3/sec (l")

N+O ~NO+O k, = (3.3 x 10
N+O ~NO +h” k. = 10720 cnd/ses (42)

28
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Combining these reactions with (36) we are led to the following set of
differential equations: )

] . ficalN] + kafie kW nfelE (43)

- (k, + k) niN) nlo,]

dnfo.)
= ==~ (k + k) nlN]) nfg] (L)
t L4

dniN ] - )

i =ik, N+ ki) kW niND (45)

where

M = nl0.] + niN] + nlo) + nino.)
2k, +k.,

M = nlo,] +'T‘-5(-"- { 2{n_IN,] = nN]) + n IN] - niN]

.
.

Equations (43) to (45) form a sct of nonlinear coupled differential
equations. With the aid of a subroutine PRECOR that uses a predictor-
corrector technique to solve differential cquations (discussed in the
appendix), numerical solutions for this mode! were obtained.

Figures 18 through 20 show solutions plotted on a logarithmic scale
for T = 300°K and 600°K with initial nitrogen dissociation of |, 5, and
10 percent. Note that there is an appreciable change in the behavior or
the solutions for different values of temperature, This is eaplained
by the increase in the rate constant for reaction (41) as the temperature
increases. At T = 300°K , k, = 1.07 x 1076 | while at T = 600°K ,

k = 1.88 x 1071,

If one assumes that n(0,] 1is roughly constant and that the only
reaction of any consequence is (41), then

-k niG '
nIN] = n Intoe

3
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Taking the logarithm of both sides we have

Reti22

niN

log ==t = - kynl0.] ¢
°

Therefore, if in fact equation (41) does dominate the reaction, the plot
of wnIN] vs. t on semi-log paper should be a straight line with slope
-(k,n{(l;.])'l - Figure 21 is such a plot for l-percent dissocisticn. its
slope is 4.8 x _lol‘ while <k, nl0 ] is spproximately -4.78 x lol’. Hence
we conclude that at higher temperatures the oxidation reaction (41) domin-
ates. At the lower tcriperature the three-body nitrogen recombiration
reaction continues to dominatc, as is indicated by the nearly straiyht
Tine on the logarithmic plot that is identical to the Mode! 2 result in
Figure17 for t 2 0.1 msac. Reaction (42) has a rate constant that is too
small to be of any significance. The essentially new fact revealed by
these calculations is the rapid decrease in the atomic nitrogen coqcent‘ra-

tion for t * 0.1 msec at higher temperatures due to the oxidation reaction
(41).

Model &4

Hodel! 3 took into account the major reactions concerning N, 0, ,
and N. ; in Mode! 4 we take into account reactions of these gases with ‘
the molecules formed by the reactions of Model 3. The chemical equations
are the three from Mode! 3 plus six reactions involving NO , 0 , NO

.
They are

NHNHEN, M k, = 5.0 x 10-30/1.

k, = 3.0 x 107397

N+0,~N0+0 k, = 3.3 x 10712 310077

N+0, ~NO.,+h-, k = 10°%0

N, +0+M-N_ 0+M k =2.0x !0'33 2-606°/T

N, +0-NO+N ke = 10710 ¢-37500/77

A = esane— e 5 p———

— ————

R B R T s

Ly

4,
Yebos sesd s 2

e

T N
R e

T

Tt

L 2

o AT

LA TR

4 1rmc

. v
Fpralinsp
Lhradiard s creaar




l CAE Report No. 1054
Re"ipp Appendix IV °
Volume It
ﬁ N, +0-N, O+h K = 10720
u 0, 40+H-0, +H k, = 3.162 x 10735
0, +0~0, +hv k, = 10720
| 0, +HO+NO-NO, +NO, ky = 1077
B The associated rate equations are
t dniN) _ _ . . ‘
dt Ao Ao~ A +A i
[ dniN. } ;
il = A=A -A - ‘
at ° A A
[ dlo;] -, A L ¢
dt ’ A - A A. A, Ag 3
[ dnfnoj 8 t
dt 8 5
E dnino. ] ki
r ae - R A, 4

where

s
]
>
+

&

Ay & {ky(alN] + nlN.1) + i (H=nIN] - nIN 133 (i[4])"
A, = k.nlN] nlo,]

R k.niN) nlo,)

A, = kyoM .niN_].nl0]
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A, =

R=1122
k,nIN_J.nl0)

= kniN.] nlo)

k.n{S. ] nlo)M

S & £
’

= k,nl0,] nlo]

Ay = kgnl0.] (nlNo0])"

and M = summation of the concentrations of all the constituents.

This set of differential equations was solved numerically using
PRECOR. Figure 22 compares Model 3 and Mode! 4 at T = 300° and 600°K and
10-percent dissociation. Here one sees that, at both 300° and 600°K,
Models 3 and L4 give substantially equivalent results, The smal) difference
between the two results at 300°K where the three-body recombination reaction
dominates is due to the more exact calculation of the three~body concentra-
tion that is possible in the more elaborate Model 4, There is no signi~
ficant effect of the atomic nitrogen regenerstion provided by one of the
Type (a) secondary reactions included in Mode) &4,

ol R~ - I -

ot

ey

o

am oo G e .o CoO

T
ki
cireate” s AT

—&——’ ' .




S

gy O T4y D T I

Aeapre——— — —o—

CAE Report No.
R-1122 Appendix IV
Volume II

CONCLUS IONS AND RECOMMENDAT IONS

1. Considering the simplest case of recombination in pure nitrogen,
one finds that the process is controlled by a three-body reaction. Its
rate thus increases wiih oressure. The rate coefficient is inverscly
proportional to temperature, iiowever, so that the lifetime of dissociated
nitrogen increases with increasing temnerature. As long as one is in-
terested in the asymptotic time behavior, it is not necessary to cons ider
the variation in the th?rd-body c&ncentration with time. In this period
nIN] - time™!
tration,

and Is independent of the initial atomic nitrogen concen-

2. Under typical conditions (STP, 10-percent dissociation) the
asymptotic time period is reached in about 0.1 msec, at which time the
atomic nitrogen has decreased by two orders of magnitude from ite initial
value,

3. The effect of oxygen on the nitrogen recombinstion depends on
temperature, At 300°K all oxygen reactions are unimportant and the oxygen
serves simply as a third-body for the nitrogen recombination., In this
case the reaarks in (1) and (Z) above apply. By 600"K, one oxygen reace
tion has become sufficiently important to completely replace the three-
body recombination as the most important atomic nitrogen loss mechanism,
The reaction is

N+0~-NO+O

This reactfon will dominate the atomic nitrogen loss in the asymptotic
time period t > 0.1 msec and it will result in a much greater loss rate
than would be the case for three-body recombination.

4, Although detailed calculation of the energe.ics of the ammonis-
ignition process has not been undertaken, it would aot appear feasible
to rely completely on nitrogen dissociation for this function, because the
major part of the recombination will occur before the dissociated nitrogen
reaches an engine cylinder.

5. This work does suggest, however, that RF dissociation of
ammonia may be of interest, since it is known that thermsl dissociation

1
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of ammonia prior to ignition is «ff.cti.¢ i improving the operation of
armunia-fueled engines. The RF dissoclator can be expected to he con-

siderably easier tn control than a thermal dissociator, and should not
recuire a warm-up period,
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FIGURES

(For list, see p. vi)
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TWO ELECTRODE CONFIGURATIONS, SHOWING THE TENDENCY

TO ARC TO THE CYLINDER HEAD. THIS WAS SOLVED BY EXTENDING
THE ELECTRODES DEEPER INTO THE CHAMBER AND POLISHING
THE ROUGH EDGES OFF
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APPENDIX IV-A

Subroutlne PRECOR

The subroutine PRECOR used for some of the numerical! calculations
presented here is particularly well suited for the sets of coupisd non-
linear ordinary differcntlal equations encouncered in this type oY stuay.
Because of its generai utility, the followiag discussion of the subroutine
and a listing of the subroutine is presented here, This materfal Is
abstracted from the memorandum of Rank.52
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INTRODUCTION

£ Sourth-order stable predictor-corrector tezhnique is used to solve

any differential equatinn of the form

Yo P,
dx
with initisl conditions
ylx) = v,
THEGRY

In order to'simplify what follows, y and f will be taken to be
scalars; the extension to N dimensions is obvious, Hammning has devised a

predictor~corrector scheme which is stable and has the advantage that only

two values of f are computed at each step (see Ralston and WElf;hgand Hamming50).

Using the notation ¥, =Y (xn) , and x_=x_ +r&h, the equations

for Hamming's method are

. - 4h - '
Predicter Pt Yn-3 * 3 (Zy Yooy * 2, ’ )

Modifier m = P - 2 oy

ret n+* 121 V' n n
mr = F g omy)
l 2 L4
Corrector C ., = g [9y, - v, ,*+ 3h (A + 2y, =y, N
. 9
Final value y__, = Coir ¥ 20 (Pn+4 C.on
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An estimete of the truncation error is given ny

. ALl sV
Cn+l -Pn+| = 30h v (€) X < E < x

n+l

Rote that this method is not self-starting, for it requires the four
previous values of y and y'. Therefore, in order to start the calcula-
tion, y, v, , and y, must be comput:d (yy is given). A fourth-order
Runge~-Kutta technique devised by A Relstons!is used to compute these

values,

If the truncation error becomes too large, the interval h can be

halved by using the fullowing sixth-ofder interpoiation formulas for the

needed values of vy.

R
Yoot = g 80y + 135y, + b0y o +y _5)
el 15y waoy 4 15y )
256 Yn a1 Yn-_z
I
Yn-.f:‘f- T 256 (IZyn * '35yn-l * 'ann-?, * Yn«3)

Jhoea L a ’
+ 256 ( 3Yn SL;yn_| + 27Yn_2 )

If the truncation error becomes smaller than required, the interval

may be doubled if enough of the previous values of y and y' are known.

FURITRAN PROGRAM

FLOW CHART

Figure A-1is a flow chart for PRECOR. A brief description of each sub-

routine which appesrs on this chart follows:

-
L4 H -1 -
1 }

- £ ady e - 4 s i 3 1 = .- s al.
ne 1115 inree vaiuesy oOv Y ang y mneeutu 10 dilart ine

predictor-corrector scheme are computed by a Runge-Kutta

63

. e e 2 o
L e Samea =
. P . N




T

e e R e

CAE Report No. 1054

Appendix IV
volume II

DIRF

CALC

HALF
DOUBLE

ADJLST

R-1122

technique, §f the truncation error is too large, the spacing

h is halved and the calculation repcated.

This subroutine is called by STRTUP to compute an estimate

of the truncation error after the first three calculstions.

This calculates thé next value of y and y', and estimates

the truncation error.
h 'is halved.

h is doubled,

This is essentially a bookkeeping subroutine; it rearranges

the values of y ard y’, to prepare for the next calculation.

The control varfable JJ is used for testing to find out if there

. . [ .
are enough previdous values of y and y  stored «in memory in order to

double h,

The results of the integration ar: punched on cards with the Tollowing

format:

X ] y! (x)
2 y? (x)
n y" (x)

The estimate of the truncation error, SUM, is civér by a weighted sum

of the absolute value of the differcnce between the compornnts of the pre-

dictor and corrector.
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where n = ‘the dimension of f
a, = = weights
pi = the Ith component of the predicter
Ci = the ith component of the corrector

fwo conditions arc provided in PRECOR for return to the mainline
program. The first is smallness of the spacing, relative to the input
parameter HMIN; singular babavior of the solution will usually be the cause
of this exit. The other exit occurs if the ratio X/XF becomes greater
than 1, where XF is ‘the final value of ¥ for which the integration is
to be carried out. !f the programmer desirés other criteria for exiting,
e.g. when the second component of y exceeds 5, these conditinns should
be inserted into PRECOR, and the existing test removed. HNote that ir

general these changes wil! affect thé arguments of PRECOR, but will not
affect the COMMON statement.

irrespective of the truncation error, it mzy be desirable that the

spacing h never exceed a certain vaiue. This value is given by HMAX,

EXPLICIT ARGUMENTS OF PRECOR

X0 Xy s initial value of «x
YO ;o , initial value of i
SMAX I¥ the estimation of truncation error is greater than SMAX,

spacing. is ‘halved.

SHIN If the estimatiion of truncation error is léss tnan SMIN,
spacing is doubled. The difference betwecen SMAX and SHIN
should be at least one order of magnitude.

‘HMAX -‘Maximum valué of the spacing allowed
HMIN Minimum value of the spacing allowed
XF Final value of x
FUNC Dummy name of cubroutine to compute f(x, ;)1 the actual

name used in the argument &f PRECCR in the mainline may be
anything except FUNC  PRECOR ~ STRTUP, BiFF, CALT, HALF,

DOUBLE, or ADJUST. This name must appecar in an EXTERNAL

B it RS WA T —
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statement in the mainline program and must be a subroutine
subprogram; i.e. a CALL statenent must be used to call it.

The arguments for this function must be of the form {X, W,
Wb, C1), where

X is a non-dimensioned variable;

W is a dimensioned variabie with the same dimension as Y
WD iz a dimensioned variable with the same dimension as Y
ci

is a dimensioned variable whose elements may be used as
parameters in defining f ;

and

X, W, and WB must be related by

MD (1) = T (X, W(1))

IMPLICIT ARGUMENTS OF PRECOR .
(CALLED THROUGH COMMOR)

h, initial value of the spacing
Dimension of V and f , ‘i.e, number of components
Weights needed in computing SUM

Cl Parameters required to define t

OTHEK REOQUIREMENTS

A COMMON statement of the type appearing in PRECOR must appear in the
mainline but not in the subroutine used for calculating #{x, ?) .

The program &s written restricts the maximum dimension of & to
eight. To remove this restriction, change all eight's in the dimensijoning

information to the dimension of f required. Do not change the seven's.

This program must be used with the Kingston Fortran i compiler. The

restriction is imposed because the I1BM 1620 Fortran i compiler lacks the
EXTERNAL and REAL statements. A lieting of the progrom
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statemgnt in the mainline program and must be a subroutine
subprogram; i.e. a CALL statenent must be used to call it,

The arguments ‘for this function must be of the form {X; W,
WD, C1), where

X is a non-dimensioned variable;
dis a dimensioned variabie with the same dimension as Y !
WD 'ic a dimensioned variable with the same dimension as Y
Ci is

a dimensioned variable whose elements may be used as
parameters in defining [

and

X, W, and WB must be related by

WD (1) = 7 (x, w(I))

IMPLICIT ARGUMENTS oF PRECOR 5
(CALLED THROUGH COMMOR)

‘h, initial value of the spacing

Dimension of V and f , i.e, number of components
A Weights needed in computing SUM

Cl Parameters required to define F

OTHEK REOQUIREMENTS

A COMMON statement of the type appearing in PRECOR must appear in the
mainline but not in the subroutine used for calculating {x, v) .

The program &s written restricts the maximum dimension of y to

eight. To remove this restriction, change sli eight's in the dimensioning

information to the dimension of 9 required. Do not change the seven's,

This program miust be used with the Kingston Fortran }i compiler. The

restriction is imposed because the IBM 1620 Fortran ki compiler lacks the

EXTERMAL and -REAL stgtem=mis. A Tisting of the program follows,
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PROGRAM LISTING

SUBROUTINE PREGORIX0 ¢ Y0 s SMAX ¢ SMIN ¢ HMAX s HMIN o XF s FUNC)
COMMON XeY ({7481 3YD(7:8) oHeNsDIBI1DS(B)vA(8) e HUM eSS LI IBON
DIMEMSION YOI(8)

FORMAT (//7T7XedHXe12Xe IHI «7X36HY L)/} :
FORMAT(EISaBelOvl 7e8)

FORMAT( 15X l6¢E1Teld)

PUNCH 100

JJ=3

CALL STRTUP(XO s YO «FUNC s HMAX )

X=X0

DO 4 J=144

I=1

PUNCH 99¢X s v ¥ J4241 )
IFIN-1)44441

DO 2 1=z2«N
PUNCH 98¢ 1Y (U424 1)
X=X+H

CALL CALC(FUNC).

IF (SUM~SMAX)7+646
CALL HALF {FUNC)
TF(HMIN/H=~1e0)5¢54 17
I=1

PUNCH 99¢XelaY(7sl}
IF(N=-1)10410e8

DO 9 1=2,N

PUNCH 98+ 14Y( 7+ 1)
IF(X/XF~1e0) 11417417
IF(JU=-1) 13413412
JJI=JI~1

GO TO 14

IF (SUM=SMIN) 15415414
CALL ADJUST

GO TD 5

IF G2 e ORH/HMAX~1e0) l6e16014
CALL DOUBLE

GO TO 5

RETURN

END
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STRTUP= Uk S RUNGE=KUTTA METHOD TO COMPJUTE THE FIRST & vALULS OF ¥

SUBROUTINE oTRTUR (X0 YUFUNG s SMAX) AND F
GOMMON XoYETe8) s YL UT7e8) vHe NoU(H}on(B)oA(B)waM.Jd.Cl(JU)
DIMENSIUN YO(8)aweB) ¢ WD IE) s YDO(B8) sk168) eK2IB)I 1 KI(B) 4KG(B)
REAL K1+Rh2eK3eK4
CALL FUNC({XOs¥YO«DOCCI)
DO 1 I=1«N
Y(3el)=Y0L(1)
1 YOU(3.1)=YDO(])
7 X=XO
DO 6 J=1+3
DO 2 (=}«
KICIYSYD{U+Ze 1) PH
2 Wlly=YeJ+2ehi+0eancl il
X=X 40 e 4 #H
CALL FUMLC(XeWsWDCl)
DO 3 I=1lwN
K2(13=H*wD( 1)
3 WlII=W(l)-el10J02239%K 1 (] )+e15875964%K2¢])
XzX+ o 05573725 %H
CALL FUNC(XsWsWDsC1l)
DO 4 I=14N
K3) ) =HREWDL L)
G WOL)=W(I)—eUTBBT72I#K1 (1132097248 %K2(])+3:8328648%K3(1)
=X+ 944262 TH%H
CALL FUNC(XeWesWDeCl).
DC S I=1sN
“a (1) =HeWD( 1)
5 w(l)*Y(J+2.l)+ul74760&8*Kl(l)~obSl48066*Kd(i)+l-2055356*KJ(l)+ol71
118478%K4 1)
CALL FUNC(XoeWeWDeCl)
DO 6 =]\
Y(J43ei)=W])
6 YO(I+3,1)=WD(1)
caLl LIFF
[F(SUM=SMAX) B:¢9+9"
9 H=H#0e¢%
60 TO 7
8 RETURN
E£ND

C OIFF~ COMPUTLSY PREDe CORe DIFFERENCES AND THEIR WEIGHTED SUM

SUBROUTINE OIFF
COMMON Xa¥{T7e8)eYU(Te8) tHeNoDIBIDSE(BI1AIB; +5UMIIICI(50)
CONSI=8¢962963
CONS2=0e375%H
SUM=0»0
PO | I=1eN
DOCIIZCUNSIR UYL O] 1~Y 201} ~CUNL2E (YOG 1) 43sUPYD(Se]1)43eU%YUlGc))
1YD(3e12))
1 SUM=zSUMAA () 2ABSFLS(]))
RE TURN
END
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CALC—- COMPUTES NEW VALUES UF Y AND F(XeY)

SUBROUT INE CALCIFUNC)

COMMON XoY(?oB)vYD(?va)oHoNoQ(S)on(e)vA(Ukm&UMcJJoClCSU)
LDIMLNSION MIB)eMOIB)+PIB) LUIB)WIH) WD)

REAL MoMD

CONS (=2 ¢ 33333334H

CONS2=492H61983

CONS 3= «U-CUNLHZ

SUM=0e0 "

DO 1 I=1N

PlI)=YC3s [ )+CONSIH(200¥YD( (O I )=YD (D] ) +2.0%YD(405.5}

M) =P (1) -LONS2#D5( )

CALL FUNC(XeMeMDC1)

PO 2 l=1N A
Cl1)1=0e125%(GeURY(641)=Y (401 )+3eORHRE(MD(])+2eURYD(H1}=YDEISe 1))
DGIy=P(1)=CL(1])

SUM=SUM+A( | ) RABSF (D i

WEiIsClI)+CONSDPLL)

CALL FUNC(XeweWDeCl)

DO 3 I=1lwN

Y(7e1)=wil)

YO(743)=wDC]) ‘

RETURN.

&END

C HALF- HALVES THE SPACING

[

(2%

SUBROUT INE -HALF (TUNCY);

COMMON: X oY (7¢8) s YDUT¢8) e HiNsD(8) ¢D5(BIsA(B) s SUMsJJC1(H0)
DIMENSICN. WIB)»yw(8)

CONS1=:00390625

DO 1 =1sN

YA=CONS 1% (60 sURY (60 1) +135,08Y (S5, [ 1+40e0FY(4 s [ )+Y (30l s+HE(-1L oYL
166 1)490CH#YD (D 1)415.0%YD(441)))
YU=CONSI*(IZQU*Y(GO;)+lJS.U*V(501)+10800’Y(4tl)*Y(Jcl)+H*(—JoU’YU(
160l)-54.U‘Yu(bol)+Q7QO’YU(4¢1l))

YO(2:1)=YD(441)

YO(441)=YDEiD 1)

Y{2si)=Y(&s 1)

Y(441)23Y(5¢10)

YiSelV=YA

Yi3el)=YE

HzQ¢5%H

FA=3.U

DO 3 u=bHs3e-d

DO z I=ieN

Wlii=YsiJdsl)

XC=X~FA®*H

CALL FUNC(XCoWawDeCl)

TREH0

DO 3 i=lN

lcontd]
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3 YO(Jel1=WD( T

X=X~H
JJ=2
RETURN
&END

R-1122

OOUHLE~ LOUBLES THE SPACING

st BN wvoii B Vv

PO

——p -

SUBROUT INE DOUBLE
COMMON XoY(T798) s YD(7408) sHiNAD(B) ¢DS(B) e ALH) s SUM eI €1 (50)
‘DO 1 l=14N
Y(6e1)2Y(Te 1)
Y(4e1)=Y(3e1)
Y(3s10=Y(lal)
YO(641¥=YD(Te12
YOUlQ41t=YD(3e 1)
YD(3¢1)=YD(14 1)

1 0S(1)=D(1)

H=2+s0%H
JJd=3
X=X+H
RETURN

- END

C  ADJUUST- REARRANGLS Y AMND FIXsY) ARRAYS TO PREPARE FOR NEXT PALD
SUBROUTINE ADJUST
COMMON Xe¥Y{Ts8) e YDCTo8B)1 1 HeN'D(B)sDS(B) v ALH)LSUMIJIIL IS0

f— e (2] R o 2350

00 1 I=1eN
DS¢11=D(1)
DO 1 J=dJeb

YD{Je1)=¥YDlI+1e 1)
Y{JeladzY{J+lw i)

XEX+H
RETURN
END
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ABSTRACT

This study Is to determine the feasibility of obtalining
hydrngen for improving combustion of ammonia In internal combustlion
engines.

lmportant recorbiretion react’ons and thelr rate constants
were obtained from the litersture, and the combined rate equations
solved numericelly with & digltal computer.

Steady~s3.ate concentraticns of hydrogen and hydrazine were
found with Initiel disassoclietlon from 1% to 10% and temperatures
from 0° to 100°%¢.

Yields were found to bs too law for practicel use In an
ammonis engins. -

Keywordz: Engine, Internal combustlon
Ammonle
Fuels, internal combusticn
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STEVENS INSTITUTE OF TECHNCQLOGY

DAVIDSON LABORATORY
CASTLE POINT STATION
HOBOKEN, NEW JERSEY

R~1240

AMHONIA DISSOCIATION BY RADIO-FREQUENCY ENERGY

INTRODUCTION

Background

Within the framework of a program to determine the suitability of
ammonia as an engin: fuel, CAE conducted, along with other work, spark-
ignition enginre tests in which a thermal dissociato: produces free
hydrogen. Stevens Institute has investigated the use of high-energy
spark discharge, and radio-frequency fonization of the nitrogen in

the intake air, as means of increasirg ignition energy.

Experience with the thermal dissociator has shown that operation is
satisfactory when sufficient hydrogen is generated. But during starting
and ¢crtain transient conditiors the hydrogen produced is insufficiént
for optration. Also, there is evidence of limitations on catalyst
lifetime.

Therefore, a ook at muans other than thermal, for the dissociation
of ammionia, dis in order., The primary concern of this work is to
determine whether an RF dissociator can substitute for or oparate in

conjunction with the current thermal unit, to alleviate present shortcomings.

Character of Work

Although in the final anglysis the merits of this scheme mu:st rest
upon an experimental demorstration, analytical studies at the firut stage
will be ugeful in establishing the feasibility of the approach, and
helpful in defining the general nature of any exparimental work te be
undertaken.'

The purpose of this work is to establiish, anzlytically.; the feasi-
bility ocf anmonia dissoriation by the use of RF or ather energy and to
estimate the size and power requirements of a suitable device,

e e A S o
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ANALYSIS

In recent years, radio-frequency discharges have been used as ion
sourges in plasme physics, as high-temperzture torches for the welding of
refractory materials, and as detectors of jonizing radiations.'

The oscillatory field may be produced in the ge=s by eiecirodes teo
which the high-frequency potential is applied, or by induction from &
coit carryiny an osciliatory currenty or the ges could be contained in a
wave guide or resonant cavity,

The mechanism of radio-frequenicy disscciation operates, in general,
in the following way., Initially, & small amount of the gas is ionized,
producing free electrons; these electrons are accelerated by the oscilia-
ting electromagnetic field and collide with the molecuies of the gas; the
energy of coliision, .f sufficient, will cause dissociation of the molecules
of the gasy and the dissocfated products will then ez2ek to racombine, the

eventual state of the gas bzing dependent on the kinds of recombination
reactions possibie, on the reiative probabilities of the recombinations,
and on the stability of the recombination products.

The amount of dissociation is dependent on the RF power available,
the effictency with which the RF is coupled into the gas, and the above
recombination considerations. The coupling z“Ficiency depends on among
other things, the frequer-, «f the RF sourge. If tne electrons are
accelerated to thair ma,.mun velacity in about one mean free path, their
cofli<yonal cnergy will be highest., Unfortunately, at atmospheric pressure,
this corresponds to an impossibly high frequerncy,

The primary objective of this study is to establish the yield of
free hydrogen {n the mixture, as a function of the temperature and ths
density of the reactants. From the system of recombination reactions that
can occur, sets of coupled ordinary non-linear differential equations are
constructed; these govern the time and tesperatura dependence of the con-

anBasm bl oo o
WITHN A IS

% I - » b - - * <
£ the verious chanicai spesizs, Ihe equations wiil then be

[4]
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solved by the use of a high~speed digital computer, to determine what
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environmenial and initial conditions must be satisfied if an adequate
concentration of hydrogen i5 to be maintained in the ammonia-air mixture.

In additior to hydrogen, hydrazine (Nzﬂk) evolves, Although not
of primary interest, the hydrazine concentration will also be examined,
to determine whether or not the effects of this component are significant.
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The work of this project was divided inte the five major phases
listed below:

(1)

(2)

(3)

(4)
(5)

Assemble data on the reaction kinetics and rate coefficients
of the ammonia system. The literature search on these

kinetics was performed by Or. Frank Jones.

Set up mathematical models of the reaction system, based on
the rate equations obtained in phase (1) above,

Solve the sets of eguaticns on a high-speed digital computer,
using subroutine E’RE,(:OR.2

Interpret the results as they apply to the physical problem.

Perform a check on the accuracy with which the mathematical
analysis describes the physical system
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RESULTS

Reaction Mechanism

The c¢ollision between “mmonia molecules and eleclrons accelerated
E in an electric field produces excited ammonia molecules which may
g ultimately decompose when the excitation energy is sufficiently high.
. . Anderson et a13 have shewn that the energy required for dissociation in
K an RF dischargz is very ciose to tie N.H bond ernzrgy in NH3 (4.5 eV),
N implying that the primary products and H and NHZ radicals in their ground
states; thus

: NHB LR (0)

Other decomposition modes such as HH, ««- [H + ”Z require higher energies

3

{k and can therefore occur only to an insignificant uxtent. Reaction (0}

is also the sole .iode of decomposition in the photochemistry of awmonia
, 0
! for light of wavelengths above 1500 A.Q’S.
The primary decomposition products, H and NHZ,,may interreact in
C e three different ways:

H+H4+ M wcean HZ + I (l)

H + NHZ M oemen NH3 + M (2)

| . A Ml + M (33

vhere M is any third body.

Reaction (1) is exothermic by an amount equal to the H-H bond energy, so
the H2 molecules thus formed have a high probability of splitting up
again unless the energy can be dissipated to other molecules in the system.

The rate of reaction (1) therefore depends not only on the concentration

2 o s e
L wrer Rate =k, (D 0.

of H atoms

ted
SN v

Similar erguments hold for reactions (2) and (3); however, in these two
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cases the respective products NH3 and NZHk are complex enough to
allow for storage of some of the released energy, in other bonds within
the molecule = hence the molecule can axist foer a finite length of time
before decomposing . The rates of these reactions should depend on
total pressure only at lew pressures and should reach a timiting value
as the pressure is increased. Both reactions (2) and {3) are thercfore
independent of total gas presiure at prassures absve 200-400 mm Hg. For
1 atm. the rates &re given in Table Ia.6

If a third body is not present when tws NHz'fadicals collide, the
reaction balow miy eccur, with a rate constent® k3a = 0.46 x 10° Molq'1 sec™!
(cf. ky = 2.5 x 107).

NH2 + NHZ eves NH3 + NH (3a)

However, the resetion of NH with NH3 to form hydrazine is fBStog so that
the net result is stoichiometrically equivalent to reaction (3).

NH + NH3 vooue NZHQ

The temperature dependence of reacticnerate constants generailly obeys
the Arrhenfus equation k = A eaEa/hT, where Kk is tine rate constant at
obsolute temperature T, Ea is the Arrnenius activation ensrgy, and A 1is
a temperature-independent pre-expenantial factor. Reactions between fras
radicals are always found to have very low or 2ero activation energies,
ard therefore the rate constants for reactions (1). {27, and (3) are in-

dependent of temperature.

H ard HH2 radicals undergo many coilisic.s with smmonia moiacules
at 1 atm. The reaction of NH, with ammonia,

NH, + NH, e=ewe KH. + HH

2 3 3 2
is thermonsutral and can be disregardad since it dozs wot 1ead to chemicsl
shenge. The reaction of H with ammznia hag baen the sublect of a great
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deal of discussion; it is

R+ NHy w-ecm Hy + NH, (4)
l?Hx:)n‘0 and Tayior and Jungersii found no evidence for reaction (4) over
the temperature renge 25 - 260% and piaced a lower limit op the

activation'enargy of Eaz 8.5 kecal/mole. But Jones in the radiation
chamistrv!z and Takamu<u and Back in the mercury~-sensitized photolysis
explained increased yi:1ds at temperatures up to 350°C on the basiz of

13

reaction {4). Using H atoms generated in .a high~frequency discharge in
Hyo Volpi’h estimated an activation energy of 10 « 15 kecal/mole and
pre-exponentfal factor of between 1012

and 103 ec/mole secy Oganesyanis

determine¢ an activation energy of 13.7 k-cal/mele but did not measure
the prae-sxponential factor. Probably the best determinations were made
by Farkas and Heﬂvﬂhﬂ:“6 for the D -NH3 exchange reaction (Ea= 1121

2
kecal/mole and A = 2 x 10!3 cc/mole=sec}. In contrast to these values,

very low activation energie:&l8 of -2 kecal/mola have often been erroneousiy

assigned to reactdon (&), but these values must refer to the over-all

process of hydrogen-formation in ammonia and not to reactien (4).

Hz + NH, ~==w~ H + NH (ba)

2 3

If reaction,{l) is important. then (l4a), the reverse reaction, must
also be considered. The equilibrium constant for the exchange of the
hydrogen atom between H, and NHB' as measured for example with the
deuterium isotope ﬂz + &H3 - ?g + NH20, has been determined to be
X = 3.0, independent of temperature
for {4a) is Kyg = %'kh’

Secondary Resctions

Hydrazine formed in (3) and (3a) may be destroyed by H and NH,
radicals?

CAE Report No. 1054
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+ N H

H o+ NoHy =omee Hy + NoH, (5)

NH2 + NZHQ LLL L HHB + N2H3 (6)

1 but {t has not

yet been possible to measure the rate constant for (6), although it is

The rate constant for {5) has been measured by Volpi,

expected that k6mk5. However, the vesults indicate that (6) c¢an be

negiected ir pure smmonia, because of the rapid disappearance of NHZ

radicals by reaction (3).

The unstable HZH3 radica. formed in (5) or (%) may be further
12

degraded by reaction szquence {A),

H + N2H3 cweos H

H + NyH, =weee Hy + NMH

H + NZH nweee H2 * N2

g * NH,

aithough Sequence B has also peen suggested.m with k8 2 3.0 x 109

Mote™! sec'i. so that

NZH3 + NZHB emwe NZ + ZNH3

Sequence B must {tself be the net result of a series of steps for which

kB §s the rate constant for the slowest reaction. In either case.

reaction {§) is the rate~determining step whether N2H3 decomposes by

A or B, and K5 much greater than KA or KB; but the rate of H2 production

by the sequence (5)~(A) will be four times that for the sequence (5)=(B).

Kinetic Rate Equations

The reaction mechanism discussed above is summarized in Table 1,
and the appropriate rate constants are compiled in Table ta. The
appropriate differentizl-rate eqations were formulated and are presented

in Tabla 2.

O k=

0 .
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These coupled differential equations, with initial conditions
specifying the level of first dissociation products, were then solved
on a Univac 1105 computer with subroutine PRECOR.

An assumption inherent i1, the method is that the dissoctiation
reaction is separated from the recombination reactions«that is, no effort

has been made to examing the effects of simuitaneous dissociation and

r2combination. 1t is felt that this assumption is of rsgligible consequence.

At First glance, the reaction mechanisms would lead one to beiieve
that the Model A system would yield a considerably greater quantity of
hydrogen than Medet! B. Actual conputation, however, shows that the
difference ‘n hydrogen yield between the systems is insignificant.

Since the reactions are temperature dependent, solutions were obe
tained at 0%, 20°, 50°, and 100° ¢ (32°, 62°, 122° and 212°F).

It was not feasiblie to solve for initial dissociation concentration
in terms of the final products, and it was therefore necessary to assume
a ret of initial conditions such that the range of the resulting steady-

state hydrogen concentration spanned the region of interest.

2" 72
terms of gramemoles per liter in Table 3, mole (volume) percent in Table

L, and weight percent in Table 5. The coiumn lsbeled H; is explained in
the sectinn entitled '""Discussion''. 2

Steady~-state concentration of H,, N,H, and NH3 is presented in

Figure 1 shows typical concentration vs. time behzvior on & linear
scale. This is shewn for reference only, since the crowding on the left
of the dizg~am does not permit aceurate observation of differences in
kehavior.

A morn useful presentation is a log-log plot of concentration

agatnst time, 2z in Figures Z through 13.
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In order to correlate the analytical! study with “he ar ual physice!
phenomena, and to ensure that the mechanism selected is in fact the one
followei by the reaction in this temperature-density domain, the inftial
12 of
smmonia dissociation by radiation were inserted in the cempuker program.

conditions and temperatures employed in an experimantal study

At temperatures of 23°% and 300°C, with initial concentrations of
H and NH, of 3 x 107 percent, Jones obtained 1.0 and 1.9 x a6 gram
moles per liter of Nth respectively, and an increase in hydrogen con~
centration by a factor of 3.7.

Analytically, at those same points, we obtzined 0.65 and 0.86 x IO"6

gram moles per liter of NzHl; and an increase in H2 by 3.79.

10
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DISCUSSION

References to Tables 3 through 5 show that hydrazine (NZHQ)
production is quite significant. 1In fact, the reaction efficiency with
respect to hydrogen lies in the vicinity of 107, and about 16% for

hydrazine.

Sirce no conclusive data on the effect in enyine operation of a
mixture of ammonia, hydrogen, and hydrazine is available, it is not

possible to make very strong direct statements regarding such a mixture.

The steadv~state concentrations calculated in Tables 3 through §
are based on a homogeneous gas-phase mechanism. Heterogeneous and surface=-
catalyzed reactions iave not been consdiered. Although H2 is a stable
product and is not expected to be influenced by metal surfaces. Nzﬂh is
known to be readily decomposed by metals even at low temperatures. The
thermo~ dynamically favored mode for hydrazine decomposition on a surfdce
is

3N2H4 et Nz + QHH3

but this stoichiometry is achieved only in agueous solutions or on guartz
surfaces at high temperatures. On metal surfaces, H2 is usually pro-
duced i addition to N2 and NH3. There is no agreement on the stoichi~
ometry of the metal-catalyzed decomposition in the gas phase, and results
on the same surface are often found to vary with the rumber of times the
experiment has been carried out.20 The maxirum Hz yield from the de~

composition of hydrazine corresponds to

NZHQ . Rz + 2H2

and the H; yields in column 5 of Table 5 were ealculated on this basis.

A straightforward calculation proceeding from the 4.5 eV first
dissuciation energy of ammonia yields the information that 3.21 kilowatts

are necessary to dissociate on pound per hour of amonia.

1
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Assuming a brake spacific ammonia consumption of 0.75 Ib/bhp hr, a
LO-hp engine wouid consume 30 1b/hr. If 10% dissociation were sufficient,
(H; = 0.56% by weight) then we would require

W

33 NH, ~=~== 30 NH 3

5 + 3 NH

3

3 #/br. . 3.21 Kw H/¥ = 9.65 Kw

coupied to the gas.

' Cobine and Nilbur22 of G.E. Research constructed an RF torch and

found efficiencies in coupling to polyatomic gases of 70, neariy all
the energy going into dissociation.

Thus, an over-all efficiency cf 55% should not be difficult to
realize.

The power requirement of 17.6 Kw leads to the untenable result that
approximately 50% of tne total engine output 1s required to generate the
hydrogen.

As for physical size, the 1 Kw torch of Cobin and Wiibut had an

+f generator 8 5/8 inches in diameter and a wave-quide~coupler ZOeinches
fong.

2
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CONCLUS IONS AND RE COMMERDAT ) ONS

Due to the very small yield, thic scheme would not be practical as
the sole source of hydrogen for an engine. It Is possible that this scheme
may find use as & starting and warm-up ald, dut the complexity of a source
of high frequency Is discouraging.

Therefore, it is recommended that this approach be sbandonned.

13
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TABLE |

System of Chemical Reactlons Which Govern the Recombination

RF
0. HH? ----- o~ NH2 + H

i, H+ H+ M w==-»H, + M

2

2., H+ NH +M--~>NH3+M

2

3. NHZ + NH, + H ~ecdm Nz"k + M

2

3a. NH, + N, === NH, + NH ; NH 4 Ny --m N H

3
+ NH

3 b

L, H+ NH

R Y |

3 2 2

La. Hy + NHz wespe H 4 NH3

5. H+ NZH’-} -n H2 + N2H3

ST 2 NH. + R
aH3 2 + Mol NoHs + Notig = 2 NHy

Bt MpH wmmemozs Hy 4 N,

2
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TABLE 1a

Rate Constants of the Reactions in Table ]

13, %2, x 109 molé":2 sec (room temperature) (Ea = 0)
12. 1. x 10° mole-] sec”! (room temperature limit) (Ea = 0)
2.6 .2 x 107 mole! sec-] (room temperature limit) (€ = Q)

0.46 x 10° maléI '.;ec"I

2 x ]010 e*]O.? k~cal/RT molél sec"]
]

3 My

3.5 x 108 o720 k-cal/RT mol'él sec:"l
3.5 - ‘68 e-2.0 K-cal/RT mo§£9 Sec-]

3.0 - 10°  mota! sec”!
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Congition
0° 1%
5%
10%
20° 1%
5%
10%
50° 1%
5%
10%
i00° 1%
5%
10%

4415
h.237
4.01%

L.118
3.952
3.744

3.732
3.581
3.393

3.237
3.106
2.943

ﬁt{}

b3

x 10
x 107

TABLE 3
Congentration In Gram=Mol/Lliter

16”
-2

16°
10

10°
10

10”

10°
107
10”

9=

3'8
2.25
3.85

k.o
2.0
L

3.80
2.0
3-95

1}-0
1.7
3.78

T2
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10':5 7.2
1o 3.75

-k

10 6.99
10”2 6.8
1o~ 3.4
T 6.6
1072 6.7
1074 3.1
T 6.0
1072 7.5
10 2.8
1074 5.4

1054

1070
107
io”

107°
1074

1074

1072
] 04
T

10”°
o™

1074
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TABLE &4

Congentration in Volume Percent
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Condltion
o° 1%
5%
10%
20° 1%
5%
10%
509° 1%
5%
10%
100° 1%
5%
10%

i

0.085

0.505
0.865

0.096
0.48
0:98

0.101
0.53
1.05

0.122

0.52
1.15

-20-

N Hy,
0.161
0.84

1.56

¢.163
0.82
1.58

0.18
0.82
1.59

0.23
0.85
1.65
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TABLE 5

Welght in Percent Relative to Ammonig

Condition X = Hz X = Nth .'.{.Z
o° 1% v.0101 0.306

5% 0.0625 1.66

10% 0.113 3.27 0.52
2¢° 1% 0.9115 0.31

5% 0. 0525 1.62

10% ", 129 3.31 0.54
50° 1% ¢ 2 0.337

10% 0.137 3.32 0.5%4
100° 1% 0.0145 0.436

5% 0.0645 1.695

10% 0.152 3.45 0.584

. g g Mt X
NOTE: % = % N x 100

w2la
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