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of a stoichiometric mixture of ammonia and air:

2 +1.5(0, + 3.76 N)—>3 H O + 6.64 N

NH, (0, *+ 3.76 N,) 0 :‘2

Table 1 is a tabulation of those properties of ammonia
dnd a typical commercial gasoline that have an effect on
combustion.

] As shown, the heatmg value of gasoliné is 2.4 times that ~
‘ of ammonias However. the stoichiometric air-fuel ratio for

*Numbers in parentheses designate References at end of
. paper.
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Ammonia as an Engine Fuel

AN .
. P ) )
" : WalteNCornelius, .
/ L. William Huellmantel, and Harry R. Mitchell .
Research Laboratories, General Motors Corp. .
THIS EVALUATION OF AMMONIA 2s an engine fuel was ) S
performed by the General Motors Research Laboratories in Table 1 - Comparison of Propertié,sﬁf Anhydrous
support of the energy depot concept proposed by the Allison  _ - Ammonia and Gasoline
Div. of the General Motoys Corp. (1)* The objective of the
-engggy depot concept is to freé the"Armed Forces from re- Typical.
liance on hydrocarbon fuels. One method is the production . Ammonia Gasoline -
of a fuel from water and air. Of the potential fuels which . o
might be produced. anbydrous ammonia (NHS) was con- Chemical formula N_H3 CH
sidered to offer the most advantages. The energy required Density. 1b/gal : RN 75 B
to synthesize this fuel would be provided by a mobile nu- Boiling point (1 atm). F -8 0=
clear reactor. The General Motors Research Laboratories Freezing point, F A -108 -176
undertook the task of evaluating anhydrous ammonia as a Vapor pressure (70 F), psia . .128.8 =
- fuel for spark-ignited reciprocating engines. Heat of vaporization (70 F), :
e The chemical equation below describes the combustion Btu/Ib 508.6 118

Héat of combustion (Lower heat

value -- gaseous), Btu/1b . 8000 18,900 .
Stoichiometric air-fuel'ratio 6.06 . 14.5
Stoichiometric heat release

(weight), Btu/1b air 1320 1285
Stoichiometric heat release

(vol), Bu/f mixture 773 9.5
Octane rating -~ Research

Method (Min) * > 111 91

“Values not gomparative with other data.

ABSTRACT

r

Studies were conducted using spark-ignited reciprocating
engines to evaluate ammonia as 4n alternate fuel for cer-
tain military applications. Conventional engines were found
to perform poorly on ammonia. Several practu:al methods
for improving engine performance while bummg amronia
are described which include increased spark energy. increased
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compression ratio, engine supercharging, and hydrogen ad-
dition to the fuel. Dissociation of ammonia was investi-
gated as a practical means for supplying hydrogen to an en-
gine.. The study irdicates that satisfactory engine perform-
ance can be obtained while burning mmmonia. Auxiliary
equipment and controls necessary forvehicular use will re-
quire development. :
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ammonia is 6.06:1 as compared to a much leaner ratio of
about 14.5:1 for gasoline. Based on equal volumes of stoi-
chiometric air-fuel mixtures. the heat content of the am-
monia-air mixture is about 80% of that of the gasoline-air
mixture. TrZerefore. since a reciprocating engine is essen-
tially a positive displacement device, the power produced
with an ammonia-air mixture would not be expected to ex-
ceed abott 80% of that produced with a mixture of gasoline
and air. if the engine were normally aspiratéd in both cases.
The high octane rating of ammonia is another important fac-
- tor that must be taken into account when comparing per-
formances of ammonia and gasoline in an engine. Thisper-
mits higher compression ratios and supercharging to be used.
which improve performance. Also, the heat of vaporization
of ammonia is 4.4 times that of gasoline, and the engine’
consumes 2.4 times as much fuel by weight for equal power
outputs because the heat of combustion of ammonia is lower.
Therefore. ammonia fuel.requires 10.3 times as much heat:.
for vaporization as gasoline. This points out the need for a
vaporizer when using gaseous ammonia as an engine fuel.
The use of ammonia as a fuel for internal combustion
engines has been investigated in Europe. However, very
limited information is available describing engine perform-
ance. The first practical use of ammonia as a fuel on a
limited scale is bélieved to hiave been performed by Am-
monia Casale Limited in 1935 (2). A second and more ex-
tensive application. the Gazamo Process, was tried on ve-
hicles in Belgium during 1942 (3). In‘the Gazamo Process,
the engine was supplied with a mixture of ammonia vapor
and coal gas. Hydrogen that was present in the coal gaswas
used to promote the ignition of ammonia. Flow regulation
and proportioning of the.ammonia vapor and the coal gas
were accomplished manually by the operator of the vehicle.
This particular program was undertaken because of a short-
age of petroleurn fuel created by World War 1I and wasterm-
inated when this fuel shortage was relieved. )
The experimental program undertaken at the General
Motors Research Laboratories was to determine the feasibil-

Fig. 1 - Test cell instaliation of single-
cylinder engine “4nd ammonia fuel supply
system -

P

ity of buming ammonia in a spark-ignited reciprocatingen-
gine. The major objectives were: o

1. To evaluate the effects of various engine design and
operational parameters on engine performance while bum-
ing ammohia. SN

2. To determine what minimum modifications toa con-
ventional engine are reduired to provide engine pe;formanceb
on ammonia equivalent to that developed while using com-
mercial gasoline.

Initial investigations were coniducted on. asmgle cylinder -
test engine.. These engine ‘studies were of abasicnature ahd
fulfilled the first major objective of the fuel evaluation pro-
gram. In view of the encouraging results obtained on the

single- cylinder engine, a conventiondl multicylinder duto-

mative engine was procured, and.performance evaluations of
the engine were begun. Only, preliminary tests have beer
performed orr the multicylinder engine. As a result. most -
of the experimental findings discussed in this paper are based
single-cylinder engine tests.

TEST EQUIPMENT AND PROCEDURE

Single-Cylinder Engine Installation -~Fig. 1 shows the
test cell installation of the single-cylinder engine. This
overhead-valve engine has a displacement of 27 cu in.. a
bore of 3,375 in., a stroke of 3.018 in., and a nominal com-
pression ratio of 9.4:1. The ignition system used initially :
was similar to conventional production equipment used on

a 6 cyl automotive engine, with one exception: the standard
high resistance carbon ignition cable was replaced with a
conventional high tension cable. A standard AC spark plug
of heat range type 44 was used. A fuel-air mixing chamber
was substituted for the carburetor when ammonia wasburned.
1t insured adequate mixing of the gaseous ammonia and air.
A positive crankcase ventilation system was installed tosafe-
guard against the possibility of a crankcase explosion. En-
gine airflow was measured by means of critical flow ori-
fices; fuel flow was measured with a variable area flow meter.
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Compressed air from the air supply system of the test
building was used when supercharging of the single-cylinder
engine was investigated. The compressed air was flowed*
through electrical heating elements to simulate the rise in
air temperature that would be incurred if an actual super-
charger had been used. -

Multicylinder Engine Installatxon - The test engine used
was a 215 cu in. V-8 engine equipped with a turbosuper-
charger. Fig. 2 shows the engine installed on the test stand
and equipped for operation on ammonia fuel. It is an alum-
inum engine with a nominal contpression ratio of 10.25:1.

The wmrbosupercharger is powered by engine exhaust gas.
The supercharge pressure was limited to 18 in. Hg gage.

The carburetor, which is normally mounted on the com-
pressor inlet flange, was removed and replaced by an am-
monia-air mixing chamber. The ammonia and air flows
were each manually controlled and proportioned. As in the
case of the single-cylinder engine installation, the flows
were measured separately and the air and fuel were thenin-

W. CORNELIUS, ET AL
#
troduced into the mixing chamber prior to admittance into
the engine : g )

The standard engine xgmupn system was employed dur-
ing preliminary engine tests. Ignition components similar
to those used on the smgle cylinder test engine were then
substituted.

Fuel Systems - Gaseous ammonia was m]ected into the
engine induction systems of both test engines. » The fuel sys-
tems provided to accomplish this were sfmilar in principle
for the two engines but the system for the multicylinder en-
gine was more complex. The fuel system-for the single-
cylinder engine was installed in the engine test cell afd is
shown in Fig. 1. Heat'had to be ﬁowded to vaporize the
ammonia in the multicylinder englﬁs stem, whereas suf-
ficient heat was transmxttedsxhrough the walls of thestorage
vessels in the single-cylinder efigine system to cause vapor-
ization. . )

Fig. 3 is a schematic of the ammonia fuel supply system
for the multicylinder engine. Fig. 4 shows the fuel storage

Fig. 2 - Test cell installation of multicylinder
engine prepared for operation on ammonia fuel
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AMMONIA AS AN ENGINE FUEL

portion of the system that was located external to the en-
gine test cell. Liquid ammonia was stored in six tanks each
containing 150 1b of ammonia when full. During engitie op-
eration, the saturation pressure of ammonia (approximately
. 120 psig at room temperature) forced liquid ammonia into
the heat exchanger where the ammonia was vaporized. Hot
water was used to provide the heat required to vaporize the
ammonia. The level of the liquid ammonia in the heat ex-
changer was controlled with a_float switch'which governed
the operation of a solenoid valve located in the fuel line-
between the-tanks and the heat exchanger. The flow of hot
water through the heat exchanger was controlled automat-
ically. From the heat exchanger, the gaseous ammonia
flowed through two pressure regulators. toreduce its pressure,
and through two variable area flow meters and manually
controlled throttling valves. The gaseous ammonia wasthen
admitted into the ammonia-air mixing chamber through
four nozzles.

The addition of hydrogen to the ammonia was mvéstl-
gated only on the single-cylinder engine. For this. investi-

gation. gaseoushydrogen frem high préssure bottles was added *

to the ammonia in the engine fuel-dir mixing chamber. The
hydrogen supply system used was similar 1o the'ammonia
supply system.

Exhaust Gas Sampling and Analysis Procedures - Chem-
ical observations were employed, when feasible, to assist
in the interpretgtion of performance measurements on the
single-éylinder and multicylinder engineé. Toobtainchem-
ical datas-it was necessary to develop specialized gas sain-
pling equipment and sampling techniques and to develop
chemical and chromatographic instrumentation and analy-

) Fig. 4 - Ammonia fuel supply and control system for mul-
ticylinder engine
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sis procedures. In several mstan&qs, alculatmg procedures
- had to be devised to redute the experimigntal data.

One important area of interest was the collection and .
analysis of gas samples from the exhaust manifold of the
single-cylinder engine. Gas samples were collected.in pre-
evacuated bottles in such a2 manner.that the concentrations
of exhaust gas constituents approximated-those ii‘;;the actual
engine exhaust gas stream.

Each gas sample was analyzgd as requir d for ammknia.
hydrogen, oxygen, and -oxides'of nitr : VStandard spec-
trophotometric procedures wgre employed to determine the
concentration values of amrmonia and oxides of nitrogen.
Oxygen concentrations were determined with an Orsat de-
vice. Gas chrorhatography was used to measure the con-
centration of hydrogen. The experimentally determined
concentration values for the exhaust gas constituents were
then expressed in suitable weight units and were substituted
into appropriate reaction equations together with related
engine fué] flow and airflow measurements.

Only three ,prpiciple reactions were considered when char-
acterizing the combustion process in mathematicil terms.
These reactions were: the simple oxidatioh of ammonia, the
oxidation of hydrogen, and the dissociation of ammonia. The
oxidation of ammonia to oxides of nitrogen was ignored since
this reaction would have little effect on the ~calculated re-
sults. . '

An iterating procedure was employed to reconcile the
reactant and:jroduct values in the reaction equations. This
procedure naturally became more involved as the number
of equations requiring simultaneous solution increased. In.

%the case of the ammonia-hydrogen fuel mixtures investi-

gated, it was assumed that all of the hydrogen that was in-
ducted into the engine was burned. The unreacted oxygen
remaining after the hydrogen-air reaction was satisfied was
then applied to the combustion of ammonia. In general,
satisfactory solutions of.the combustion equations were real-

ized after a relatively few trial calculations were made.
Some typical reactantfdata and exhaust product data ob-

tained from balancing these combustion equatlons are listed
in Table 2.

Concentration values for the exhaust gas constituentshave
been used to determine:

1. The per cent of the ammonia inducted into the en-
gine that actually bumed,

2. The effect of engine operation on air poliution.

General Test Procedure - The single-cylinderengine was
run on ammonia at bothgpart-throttle and full-throttle set-
tings over a wide engine speed range. Only full-throttle
performance of the multicylinder engine was evaluated while
buming ammonia. Normally-aspirated and supercharged
modes of operation were igvestigated on both engines. At
each engine operating condition investigated. performance
data were obtained at the’ minimum spark advance for best
torque (MBT advance) and the leanest air-fuel ratio
for best torqde (LBT air-fuel ratio). .

When the single-cylinder engine was run ongasoline. per-
formance data were obtained also at inimum spark ad-

1
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vance and leanest air-fuel ratjo settings for development 24 o~ /

of maximum power. However, multicylinder engine per- g /
formance with gasoline was obtained with a standard pro- 20 ] //_40
duction ergine of a similar type. i
Al single-cylinder engine performance data were cal-

culated on an indicated basis, Whenl supercharged opera- °
tion of the engine was evaluated, the performance data were
corrected to account for the power required to compress the
engine air with a 75% efficient compréssor.

>

\

\
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SINGLE- CYLINDER ENGINE STUDIES

. Initial Operation on Ammonia - At the outset of the fuel
eyjluation program, serious doubt was rajsed as to whether
an ammonia-air mixture could be ignited and e®mbustion
sustainedin a spark-ignited internal combustion engine. The ,
limited technical literature fourid on the subject of ammo-
nia combustion wasnot encouraging. Therefore, it was heart-
ening \\ihe;nignitgon ofammonia was achieved inthe single-
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INDICATED HOR_?EPOWER
N
\:i}
<
<
N
B —~

INDICATED THERMAL EFFICIENCY -0

N
5
}

R . -
o 80 1600 2400 3200 4000

cylinder engine, using a conventional automotive-type » ENGINE SPEED- RPM

ignition system and a primary voltage of 127v, and the en- » : ]

gine could be run over a limited speed range and develop - Fig.,6 - Performance of unmodified single-cylinder en-

some useful work. . ‘ gine on ammania and gasoline - - full-throttle normally
Fig. § presents indicated horsepower and thermal effi- aspirated pD@r&tion. 9.4:1 compression ratio '

Table 2 - Reactant and Exhaust Product Daga

/ . Fuel Miktures . %
1 2 3 i
Reactants
Ammonia, 1b/ hr 13.6 . 13.0 1116
Hydrogen, 1b/hr . 0.0 0.0 0.24
Air, 1b/hr ) , - ’7%.9 . 717.9 79.0
A/E, % tical air mixture 92,2 . 988 100.5

- Excess gfnmonia, b/ hr .07 0.15 0.0
Combustion Data

Ammonia bumned, 1b/hr 8,71 8.93 11.32
Ammonia burned, % of inducted 64.5 68.6 91.5

Exhaust Products - Experimental Data

- L4

Ammonia in 1 pt sample bottle. mg ‘ 22.9 20.0 1.1
Sample bottle pressure, in. Hg vac 3.7 2.6 3.5 .
Hydrogen, % by vol 0.6 0.5 0.2 ‘
Barometer, 29.25 in. Hg abs ’ :

Exhaust Products - Calculated Data

3, . 3, 3, .

Ib/hr ft /min 1b/hr ft" /min 1b/hr - ft'/min

Ammonia : ' 4.63 1.63 3.92- 1.37 .0.23 0.08
Hydrogen 0.03 '0.>l‘0 - 0.03 0.09 0.01 0.03 &
Water - 13.95 4.6 1420 472 20.11 6.69
Oxygen 5.29 0.99 5.55 1.04 0.56 0.10
Nitrogen - 65.51 14.00 67.17 14.38 69.93. 14,92 '
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AMMONIA AS AN [‘ZNGINE FUEL
ciency curves that were obtatned at wide-openthrottle while
running the engine normally a§pirated both on ammoniaand
on gasoline. An inspection oi/hese plotted data shows that
the engine performed poorly 6n ammonia. The maximum
power developed at 2000 rpm was only 17.5% of the max-
imum power obtained at 4000 rpm while burning gasoline.
Also, the maximum i\ndt‘éated thermal efficiency of the en-
gine was 21%%s compared to 38% when gasoline was used.
Development of useful horsepower ceased when the engine
speed was raised above 2400 rpm. whue burning ammonia.

The inability to burn ammonia.g fectlvely in the engine
was judged to be the primary reason: for the poor perform-
ance of the engine with this fuel. “This observation was sup-
ported by chemical analyses of the engine exhaust gas that
disclosed the presence of significantly large amounts of
ammonia in the exhaust gés at full-throttie dperating con-
~ ditions. Therefore, considerable effort was devoted to ob-
taining representative engine exhaust gas samples and to
developing a procedure for.calculating from the exhaustdata
the per cent of inducted ammonia burned in the engine. -

The following practical corrective actions were consid-
ered for improving the ignitability and combustion of am-
monia in a spark-ignited engine:

1. Increase in spark energy.

2. Multiple ignition. s

3. Increase in compression ratio.

4. Fuel additive for promoting the combustlon of am-
monia. , .

It was also realized that complete combustion of ammo-
nia in a normally aspirated engine will not result in the

developmentof as great a maximum engine power as that ob-

tained while buming gasoline under similar engine operating
conditions. The difference in energy content of equal vol-

umes of stoichiometri€ gasoline-air and ammonia-air mix~
tures precfugg this possibility. Superchargmg the ammonia-
fueled engine \P&'a logical means for'oVercoming this power
disparity. The. relatively high octane rating of ammonia
makes this a feasible approach.

All of these suggested corrective measures were subse-
quently evaluated on the single-cylinder engme with con-
siderable success.

Effect of Ignition System Modificatiops - The first method
that was investigated to improve the combustion of ammo-
nia in the singlé-cylinde'r engine was the modification of
the engine ignition system. The standard coil and 1.5 ohm
primary circuit resistor were replaced with a high perform-
ance coil and a 1.0 ohm resistor to increase the spark gn-
ergy. The primary voltage was increased from 12 to ;}’:;6
v which approximates-the voltage used in most current au-

*

tomotive engines.

Full-throttle engine tests were conducted to determine
the effect of spark plug gap size on power optput. It was
found that engine performance was affected noticeably by
variation in gap size and that a gap of about 0.085 in. re-
sulted in maximum power output.

The effect of these ignition system mod1f1cat10ns on en-
gine indicated power is shown in Fig. 6. together with in-

. ' 305
dicated power déta_ obtained while burning gasoline in the
single-cylinder engine. Also shown in the figure are éngine
power data obtained while burning ammonia and tsing a
dual ignition system. The maximum power of the engine
was increased about 80% and useful power could be devel-
oped up to a speed of about 3200 rpm by réplacing the stand-
ard ignition system with the single modified ignition sys-
tem. A further gain of about 20% in power Was realized
when the dual modified 1gnit10n system was used.”

Tests in which each of the two ignition systems were%ed
separately disclosed that gregter engine poWet was deve
oped with the spark plug:in the standard location" than in
the alternate location. Therefore, it is believed thag fur-
ther improvement in engine performance could haveibeen
realized by locating the second spark plug in a more favor-
able position. ‘

Fig. 7 presents plots of the MBT spark advances and IBT

. air-fuel ratios established while operating on ammonia and

using the single modified ignition system. Also plotted is
the MBT spark advance curve for gasoline. A's shown in the
figure, the spark advances for ammonia are considerably
greater than those for gasoline, 1nd1cating the relatively slow
burning rate of ammonia. ; y
The maximum power air-fuel ratio for ammonia varied
from about 6.1:1 to 6.8:1. These air-fuel ratios areslightly
leaner than the stoichiometric air-fuel ratio of 6.06:1 of
an ammonia-air mixture. *
Although the ignition systern modifications resulted in
a considerable improvement in engine performance. the
power differential between gasoline and ammonia fuels was
still greater than the theoretical difference. Chemical anal-
yses of the engine exhaust gases indicated that an appreci-
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Fig. 6 - Increased power of.single-cylinder engine through

ignition system modifications -- ammonia fuel, full-throt~
tle normally aspirated operation, 9.4:1 compression ratio
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. power occurred at 3200 rpm in the case of both of these
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able amount of ammonia was still passing through the en- gasoline. This is approximately the t}:eoretical power ratio
gine without burning. for the two fuels hased on heating values and stoichiometric

Effect of Increased Compression Ratf & further im- air-fuel ratios. '
prove the combustion of ammonia in the single-cylinder Fig. 9 illustrates the influénce of engine compression ra-
engine, compression ratios greater than 9.4:1 were inves- \' )
tigated. Increases in engme\cgmpressmn ratio to 11,5:1, 24

15:1. and 18:1 were accomplishad by substituting stepped-
head pistons for the original flat-head piston.

Fig. 8 presents indicated horsepower curves for the var-
ious compression ratios tested and the power curve obtained
while buming gasoline in the engine at the 9.4:1 compres-
sion ratio. These ammonia data and all subsequent full- -
throttle single-cylinder engine data discussed in this paper
were obtained while using the single modified fgnition sys-
tem and a primary voltage of 13.6 v.

It will be noted in Fig. 8 that a sizable gain in enggne
power wasobtained when the compression ratio was increased
from 9.4:1 to 11.5:1. The makimum power was increased
59%. Further increases in compression ratio from 11.5:1
to 15:1 and 1o 18:1 had negligible effects on indicated power
development at engine speeds'below about 2400 rpm, but
did result in increased engine power at higher §peeds The -
maximum.- p@wer was increased 68% with the 15:1 com pres-
sion ratio and 84% with the 18:1 compressmn ratio above
that obtained with the 9.4:1 compréssion ratio. Maximum

INDICATED HORSEPOWER

higher compression ratios. However at speeds above 3200
rpm, engine power fell off rapidly.

In comparing the power curves for ammonia at these three o
higher compression ratios with the gasoline power curve. ' 800 16(::(:~JGINE ;‘I;'?EOED RP:42OO 4000
can be seen that at speeds below about 2600 rpm the power

Fig. 8 - Im d performance of single-cylinde i
produced with ammonia was about 80% of that obtained with '8 . proved perto . o' single cy,u‘1 rengine
due to increased compression ratio -- ammonia fuel, fuli-

throttle normally aspirated operatjon, modified ignition
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"AMMONIA AS AN ENGINE FUEL

tio on the percentage of the inducted ammodnia burned in
the engine. The beneficial effect of increased compression
ratio became measurable at an engine speed of 2000 rpm
and became progressively more pronounced as the engine .’
speed was increased further. These data emphasize the prob-
lem that is encountered when burning a fuel with a decid-
edly slower flame speed than that of a hydrocarbon fuel.

In this case. the combustion of ammonia was promoted by
increased cylinder pressure. temperature, and turbulence
that accompanied an increase in compression ratio.

Piston shape may be partly responsible for the improve-
ment in the combustion process realized by increased com-
pression ratio. The greatest gain was made when the flat-
head piston (9.4:1 compression ratio) was replaced with a
stepped-head piston (11.5:] compression ratio). The pro-
trusion of the upper step of each stepped-head piston into
the cylinder head plobably caused an increase in gas tur~
bulence in the-combustien’ chamber and thus improved the
combustion of ammonia. Further tests would have 1o be
made to determmé which factor, compression ratfo or p1st}>n
head shape. was more tesponsible for the improved engige,
performance. -No attempt was made td«devglop a combus-
tion chamber shape that would contribute to a more raplcl
burning of the ammosia. :

Effect of Superchargmg To obt4in a maximum® powerv
output with ammonia commensura{e with that obtained w1th
gasoline. supercharging of the single-cylinder engme was

25
I | V
24 !
sicR
SUPERCHARGED
70 18inHg GAGE L
1.5:1 CR,
SUPERCHARGED
7018in Hg GRGE
20
]
26 1
g
b
a'?
n|
g H
6 ya i .
a] 4 GASOLINE- 9.4:1CR.
Z / NORMALLY-ASPIRATED
8 z |
[
o
4}—H
| 4
| | ;
{»l l |
o Ysco 1600

2400 3200 4000

ENGINE SPEED- RPM )
Fig. 10 - Increased performance of single-cylinder engine
due to supercharging -- ammonia fuel. modified ignition -
system ..
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investigated. The increased charge density due to super-
charging should overcome the theoretical power ‘differential
fot the two fuels.

. The indicatéd horsepower data obtained while bumning

ammonia at sapercharged engine conditions-are shown in
Fig. 10. Also shown again for the purpose of comparison is
the indicated horsepower curve for the ‘engine that was ob-
tained while operating normaily aspirated on _gasohne ata
compression atio of 9.4:1. A superchdrge pressure of:18 in.
Hg gage was used. Failure of the 18:1 ¢ompression. ratio
piston due to insufficient diametrical ¢léarance precluded
testing of this piston at supercharged engine operating con-
ditions. o -

The curves in Fig. 10 show tk{at'compressior:‘@o had a

. negligible effect on supercharged éngine perforfianct at

speéds b%Qw approx1mate1y 2400 tpm. However. at higher
speeds, fickeasing the compression, ratio resulted in a sig-
nificant im ovement in engine indicated power. These
power gajins aﬁhlgh engine speeds wete the result of increased -
buming ofthe ¥mmonia in the engine (Fig. 11).

Fig. 10 showslng.lso that the engine power developed with
ammonia over thejentire engine speed range tested can be
made to exceed th&} obtained while burning gasoline at a

s SA 1 compressmn rajo and normally aspirated engine op-
. erating conditions. ’Ig%as accomplished by using the 15:1
st

éompression ratio pi and a supercharge pressure of 18 in.
Hg gage. The other compréssion ratios evaluated resulted
in power outputs gréater than those for gasoline ¢ver most
of the speed range, but fell below those for gasoline at high
~speeds. :

Part- Throttle Engine Considerations - Previously described
engine tests indicate that a sparkgignited ammonia-fueled
engine can be supercharged tp 'prq\iide full-throttle perform-
ance commensurate with that realized in current automo-
tive gasoline engines. However. adequate full-throttle per-
formance is but one of many requirements of a vehicular
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engine Satisfactory part-throttle performance cannot be-
overemphasized because a- vehicular engine is operated most
of the'time at part loads. In the case of vehicle operation,

the range, the amount of fuel required for acceptable range,

and-the operating cost of the vehicle age each dependent
on the part load fuel economy of the éighine.

Of all of the engine modifications evaluated on the sin-
gle-cylinder engine, only compression ratio and ignition
systemns should have significant influences on part-throttle
performance. Fot this reason, the effects of these two en-
gine variables on part load efficiency of the single-cylinder
Eniménia-fqeled enging were investigated. )

- Fig. 12 shows the effect of compression ratio and dual
ignitiop on-indicated thermal efficiency of the single-cyl-
igder engine at various load settings. Typical data are pre-
sentedthat were obtained.at an engine speed of 1600 rpm.
For comparison purposes, part-throttle data for one cylinder
of a multicylinder engine are included that were obtained
dur‘m’g operation on gasoline. . The displacement per cyl-
inder of this engine is equal to that of the single-cylinder
test enging. The roa® load requirement per cylinder of the
multicylinder engine is indicated also on the figure.

" . It can be seen that for each compression ratio investi-

gated, the indicated thermal efficiency of the §ing1e-cylin;
der engine diminished rapidly as engine load was reduced

E from full load to road load. At full throttle,. the thermat

effictency approximated that of the multicylinder engine
but was considerably less than that of the gasoliné engine
in the vicinity of road load. Only a slight improvement in
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ficiency of single-cylinder engine due to increased com-
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single-cylinder e/ﬁgiané efficiency, was realized with dual

ignition. Asaresult; N wasfent that satisfactory patt-throttle\
d

performance of a spark-ignited ammonia- fueled engine coul
not be realized by engine modifications. .

. Hydrogen Enrichment of Ammonia - The possibility of
enrichening the amfonia with hiydrogen was considered as
a means of improving the patt-throttle performance of a

spark-ignited ammonia-fueled engine,’ The use of hydrogen

to promote the corfibustion of ammori# s a logical choice
because it could be produced oh the veliicle itself by de-
composing some of the ammonia fuel in a catalytic disso-

ciator. Hydrogen can be ignited readily-andhas a highflame ’

speed. . - .

The' addition of a relatively small amount of hydrégen
to the ammonia fuel was found to refilwin an apgreciable
improvement in-the part-throttle perférmance of the single-
cylindet test engine. A 2.5% by weight addition of hydro-
gen'was found to résult in the best performance at the speeds
inyestigated.- The effect of this amount of hydrogen en-

-Tichment on indicated thermal efficiency of the engine at
part load is shown in Fig. 13 for an éngine speed of 1600

Tpm.  As ip Fig. 12, comparable multicylinder gasoline en-
gine data are plotted. - : .

It will be seen in Fig. 13 that hydrogen enrichment re-
sulted in a sizable gain in indicated thermal efficiency of
the single=cylinder engine over the entire load range in-
vestigated.” The engine efficiency values obtained with the
ammonia-hydrogen mixture, were higher than those for gas-
oline over most of the load range. In view of these test re-
sults and supporting data at other engine speeds, it would

3§§$~,
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appea;’,th_e-t hydrogen enrichment of ammdnia offers a fea-

.the concentration of hydrogen fn the fuel mixture was in- ing these tests-revealed the role. of hy]
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v

sible. sBheme for obtaining satisfactory part-threttie per- ~ same supe harge pressure and while qperating the engme
formance of a spark-ignited ammonia-fueled engine. Fur-  on gasoline at normally aspirated conditions. - o
thet tests were performed on the single-cylinder engine to ¢ It wi)l be seen in-the ﬁgure that hydrogen addition had.
evafifate the influence of hydrogen addition to ammonia a slight detrrmen{al effect on engme power development
on full-throttle performance Both normally aspirated and at the 2000 rpm ‘investigated, speegl but enhanced markedly
supercharged engine sperations were investigated. engige power oiitputs at speeds of 3600 and 4000 rpmr.
Fig. 14 illftrates the beneficial effect of hydrogen en- Optimum concentratjons ofhydiogen Qfapprg)umately 1. 35%
fichment on engine indicated power at full-throttle nor- and 1.19% in the fuel mixtyre were esta l1shed=' (ér engme
mally a'spirated operating conditions. It can be seen,that speeds of 3600 and 4000 rpm res -

only a very small amount of hydrogen addjtion is sufﬁcrent a hydrogen concentration of about 1.8%']
to cause a significant increase in engine power. Mmxirum  power development over the entire éngine

engine power was approximately doubled when hydi$gen vestigated that was equal to or exceeded t‘he engme powe
equal to 2% by weiht of the fuel mixture was add#d to the ‘developed while burning ggolme in the engme under nor-

" ammonia. Further gains of only a negligible amount were . mally aspirated operating conditions. - v

realized over an engine speed range of 800-3600 rpm when Chemical hnalyses’of engme gas spmples co.llected dur-.

jen as 4 combus- -
creased to 3%. At 4000 rpm. a 3% hydrogen addl,&on as tion prothoter for ammonia. At most of the test conditions, *
more effective than a 2% additiori. In general, {1"% tind  the addition of hydrogen té;athimonia was found to mcrease
that the engine power began to decrease slightly as ‘the per-  the percentage of inducted ammonia burned in the engine.”
centage of hydrogen in the fuel mixture was mcreased above The gegree to which hydrogen enrichient abetted the com-.
about 3%. . i ] bustion of ammonia tended to Vary diregtly with the degree
Fig. 15 illustrates the variant beneflcral effect of hydro*  of ineffectyal buﬁ'nmg of the ammonia iwself {n the engine.
gen addition on indicated power of.the supercharged engine.  where combustion of ammonia was relatively poor (for ex-

The illustrated data were.obtained at'géch of three’ engine ample, durmg part- throttle. -atl normal]y_esplrated fuli-
speeds by increasing the hydrogen concentration in the fuel e ° )

mixture in small incremental steps until the engine power . ’ ’ . e 119 o ;
IR 2t oo} ?
passed through a peak value. An engine supercharge pres- . ' 2
. sure of 18 in. Hg gage was maintaijted at all times. Also 24— ' _ — 193 /|° aZa\
included on the figure are maximum engine power data ob- . 135%»42—;—;? '/
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throttle, and high-speed supercharded conditions), hydrog.en
addirtion to thé ammonia ‘was beneficial: On the otherhand,
superchargmg the engine at low engine speed§-provided op-
timum burning conditions for the ammonia, ﬁnd ‘hence, hy-
drogen addition was not needed.

The anomélous fact that engine power 8dclined shghtly
at all full- throttle@pe;gtmg conditions investigated when
hydroglan enrichment was increased past the optimum amount
may bé attributed to the widely different burning fates qf
the two fuels which necessitated. a compromzse MBT spark
advance.

-MULTICYLINDERENGI'NE STUDIES ° .

It tas shown by the smgle cylmder engine tests that with
certain engine modifications and the addition of a small
amount of hydrogen to the ammonia, satisfactory perform-
ance of a spark-ignited reciprocﬁting engine could be ex-
pected. Therefore, it was decided to prove this more con-
clusively by operatlng a multlcylmder engine onammonia.
The p;zhmmary tests that were conducted verxfy the belief
that' @’ multicyspder engine could be developed that would

" produce power outpuggvhile buming ammonia equivalent

to that optamed whilé opérating normally aspirated on gas-
oline. - K A

. Normally As'pirated Engine Operation .~ Fig.- 16 presents

two full-throttle brake horsepower curves were obtained

STD. IGN. SYSTEM

20— NORMALLY—ASPIRATED\]

0 800" ©OO 2400 . 3200 4000

ENGINE SPEED-RPM -
Fig. 16 ~ Performance of multicylindgr engine on ampe-
nia and gasoline -- full-throttle normally aspirated oper-
ation, standard and- modlfled 1gnlt1on systems

-

BRAKE HORSEPOWER

N : © . W. CORNELIUS, ET AL
wHile biming amrfionia in the multicyfiniier test engine at
normally aspirated engine operating conditions. Curve A
refers to data that were takeft with thestandard ignition sys-
tem installed. Data for-curve B were obtained aftér the ig-
nition system-Had been modified. " Also shown is a brake
horsepower curve (C) for a s;mllar engme of lowef compres-
sion-ratio (8.75:1 as compared to 10.25: {jahat was.6btained
while operatirg tg engine normally aspirated o gasoline.

A comparison of the power outputs shows'a degradation in

maximum power of approximately 87% when switching from

gasoline to ammonia fuel.. Wheii the mod1f1ed ignition sys-
tem was mstalled the loss in engine power was reduced to
70%. 1t is realized that tifs ‘comparison favors slightly the

ammonia- flieled engine since it was ryp 4t maximum power

spark advances whereas with gasoline the spark t1mmg was
‘retarded from the best power spark advances.

Two other t):pes of ignitien systems-were tested-in, an
attempt to dmprove engine performance while burning am-
monja. These Were 4 capacitor discharge system’and a con-
tact operated transistorized system. Also, several ‘coil-re-
sistor combinations were tésted. Spark plug gap sizes. were
varied from 0.030 to 0.100 in. when tésting the different
systemns. Howeyer, none of these 'ignition systems resulted
in engine performance that éxceeded that obtained while
using the modlfledrlgmtlon system described previously. In
fact, most of them’resulted in inferior engine performance .-

Syercharéed Engine Operation - Fig. 17 presents engine
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AMMONIA AS AN ENGINE FUEL

brake horsepower curves obtained during supercharged en-
gine operation’on ammonia and normally aspirated engine
operation on gasoline. Also shown is the relationship be-
tween supercharge pressure and engine speed that was estah-
lished while running the engine on ammonia fuel. .

According to the supercharge pressure curve, supercharg-
ing was not evident ritil the engine exceeded 1200 rpm.
Beginning at about 1200 rpm, the supercharge préssure be-
gan to increase rapidly with engine speed and reached the
desired maximum pressure of 18 in. Hg gage at about 2800
rpm. Abqve 2800 rpm, the turbine bypass valve wasopened
to limit t#% supercharge pressure to 18 in. Hg gage.

_ The plotted data showsthat the engine power developed
over the entire speed range when burning ammonia and us-
ing the turbosupercharger was less than tHat produced when
burmning gasoline in the normally aspirated engine. Themax-
imum power realized with ammonia as the fuel was about

- 96 bhp at 3500 rpm. This maximum value is about 10% less
than the maximum engine power obtained when using gas-
oline. Engine performance data were not obtained at an
engine speed of 4000 rpm whil¢ burning ammonia due to
difficulties encountered with the fiiel supply system.

It sheuld be noted that thé twe brake horsepower curves
«are in closest agreement at an eﬁgine spged of about 2800
fpm. At this speed. the desired superchgrge pressure of 18
in. Hg gage was achieved while burningjammonia. and the
beneficial effeat of supercharging was ajmaximum. Below
2800 rpm, usefu] engine work derived frpm supercharging
decreased progressively with speed and pecame practically
nonexistent at engine speeds below 120 rpm. The diver-
gence of the two power curves above 2800 rpm is due prob-
-ably to the progressive’ decrease with erjgine speed in the
ability of the engine to burn ammonia efficiently.

Fig. 18 presents brake specific fuel consumption, brake
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thermal efficiency, and spark advance curves for the super-
charged ammonia-fueled'and normally aspirated gasoline-
fueled malticylinder engines. Also'shown is the air-fuel
ratio curve for the supercharged-ammonia enginé operation.
The curves obtained while burning ammonia in the engine
extend only through an engine speed of 3200 rpm. Although
corresponding engine power data wefe obtained at3600 rpm,
the fuel system failure that was mentioned previously pre-
cluded the recording of a full set of enginer performance
data.

"As shown on Fig. 18, the two bfike thermal efficiency
curves agree closely over the engine speed range of 800-

2800 rpm. However, at this higher speed the curve for am-

monia began to fall off while that fot gasoline remamed
about comnstant.

The brake specific fuel consumption of the engine while
buming ammonia was about 2-1/2 times as great as that
obtained with gasoline. The marked difference in heating
values for the two fuels is primarily the cause of this large
difference.

Spark advance requirements for the two fuels are also -
significantly different. The spark advance determined dur-
ing operation on gasoline increased gradually from 5 deg
btdc at 800 rpm to 24 deg btdc at 4000 rpm. A much greater
MBT spark advance was employed while buming ammonia.
It varied somewhat randomly bétween 103 btdc and 115 deg
btdc over the engine speed range investigated.

The LBT air-fuel ratics establishéd for operation on
ammonia varied bétween 6.2:1 and 6.7:1 over the engine
speed range. These air-fuel ratios are slightly leaner than
the stoichiometric ajr-fuel ratio of 6.06:1 for ammonia and
are much richer than the stoichiometric air-fuel ratio of
about 14.5: 1 for gasoline.

Again, samples of the exhaust gases were collected and.
the constituents analyzed. At one supercharged engine op-
erating condition, it was determined that the per cent of

. inducted ammonia burned in the eight cylinders varied be-

tween 93 and 96.5%. An overall ammonia-burned value
of 94.2% was determined from analyses of engine tailpipe

GENERAL OBSERVATIONS

Engine Noise - No engine knock was detected during any
of the tests described in this report. Although the octane
number of ammonia. is not known, these tests indicate that.
it is exceptionally high. However, during operanon of the
single-cylinder engine at a compression ratio’of 18:1 at
speeds of 2400 rpm and above, a rapping noise sirnilar to
that produted by heavily"loaded djesel engines occurred
when the spark advance was set for best power. .This noise
could be eliminated by retarding the spark sl‘ght’ly although
this resulted in a slight power loss. g

During normally-aspirated operation abt.he 18:1 com-
pression ratio, several cylinder pressure-time traces wére
obtained to determine the cause, of the rapping noise. Fig.
19 is a photographof an oscﬂlogram shomng several such
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traces. These pressure-time traces wgpe/obtained with the
engine operating at 3600 rpm -- full throttle. The spark

-advance was set at 112 deg btc which was the MBT spark

advance. The six upper traces were taken during consecu-
tive engine firing cycles and the lowest trace is the motor-
ing compression curve.

Peak pressure varied from cycle to cyele ranging from
about 720-1700 psi, and the rate of pressure rise vafied from
about 25 to 100 psi/deg. This is considered to be high for
the conventional spark ignition engine. It is felt that these
large variations in peak pressure and raté of pressure rise
were the cause of the rapping noise.” Further evidence of
this was. obtained by observing that the rapping noise oc-
curred in phase with the Vvariations of peak cylinder pres-
sure, that is. when several nearly equal peak pressuretraces
were followed by an extiemely high peak pressure trace a
rapping sound was heard.

This rapping noise was not present at the lower com pres-
sion ratios. Oscilloscope traces obtained at the 15:1 com-
pression ratio during both normally aspirated and super-
charged engine operations showed less variations in peak
cylinder pressure and rate of pressure rise from cycle to cy-
cle.

Contribution to Air Pollution - The effect on air pollu-
tion must be weighed seriously when cons:dermg a vehic-
ular application of the spark-ignited ammonia-fueled en-

. gine. Even a relatively small amount of ammonia in the

engine exhaust is to be avoided because of its irritating odor
and toxic effect.

Emission of ammonia from the single-cylinder test en-
gine was minimized by buming an ammonia-hydrogen mix-
ture required for optimum engine performance at the sto-

‘ichiometric air-fuel ratio. A stoichiometric mixture of 98%

ammonia and 2% hydrogen on a we1ght basis satisfied this
requirement.

Ammonia concentrations in the single-cylinder engine

f
1
g
1
1
B!
j .
1
i

Fig. 19 - Cylinder pressure-time traces showing large var-
iations of peak pressures and rates of pressure rise for six
consecutive firing events in single-cylinder engine -- am-
monia fuel, full-throttle normally-aspirated operation,
18:1 compression ratio '
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exhaust were calculated to be about 81,000 ppm on dry basis
(water formed by combustion excluded) at 3600 rpm and
full-throttle. Adding 2% by weight of hydrogen to the am- .
monia and running at-a similar epgine operating condition
reduced the concentration of ammonia in the engine exhaust
approximately 94% to 5300 ppm. This significant décrease
in ammonia emission was the result of a decided improve-
ment in combustion efficiency when hydrogen was addeq -
to the ammonia. The per cent of inducted ammoniabumed
in the engine was increased from approximately 69 to 97.5%.

These computed ammonia concentration values are aps
precmbly greater than the tolerable limit established for
the human body. However, when these quaritities of am-
monia are discharged from the engine tailpipe and mix with
the ambient air, tolerable ammonia concentrations should
result if sufficient ventilation is provided. This engine ex-
haust gas condition is similar to that which is experienced
when carbon monoxide is emitted from the tailpipe of agas-
oline engine.

Detectable amounts of hydrogen were emitted from the
engine while burning rich air-fuel mixtures of both ammo-
nia and ammonia- hydrogen fuels. Approximately seven
times as much hydrogen was discharged while buming a 90%
theoretical air mixture of ammonia and hydrogén as was
discharged whil€ burning a 92% theoretical air mixture of
only ammonia. ,

While a considerable improvement in the combustion
efficiency of the single-cylinder engine has been realized,
still it is reasonable to expect that a measurable amount
of ammonia will be emitted from any spark-ignited ammo-
nia-fueled engine. If a decided reduction inammonia emis-
sion from an engine should be required, it may have to be
accomplished in the engine exhaust system. Dissociation
of ammonia to hydrogen and nitrogen, absorption of ammo-
nia, or cliemica,l conversion of ammonia to innocuous ¢on-
stituents are various means that might be employed.

Exhaust gas samples were collected and were analyzed
for concentrations of oxides of nitrogen during maximum
power operation of the single-cylinder engine at several dif-
ferent engine speeds. It was found that the concentration
of oxides of nitrogen increased with increasing indicated
thermal efficiency of the engine and ranged from a concen-

‘tration of about 200.ppm for a thermal efficiency of 15%
_to 1200 ppm for a thermal efficiency of 30%. If gasoline

were to he bumed in the engine at similar operating con-
ditions, simtlar concentrations of oxides of nitrogen in the
engine exhaust gas would be expected.

Engine Oil Analyses - During the course ofthls triesti -
gation, chemical analyses of the engine lubricating oil were
made to defermine if the use of ammonia as an engine fuel
would have an adverse effect on the oil. Approximately 5
gal of commercial 20 weight oil were used to fill the lubri-
cating systéms of the single-cylinder and multicylinder test
engines. This large quamtity of oil was needed because the
oil was circulated through a heat exchanger.

New oil was provided at the start of engine testing in-
volving the use of ammonia as fugl. Samples of the oil
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_Quired to maintain this fuel in the liquid state. Heavily in- .
““sulated equipment in addition to specialized techniques

AMMONIA AS AN ENGINE FUEL

were extracted at various times during the engine tests. The
last sample from the single-cylinder engine was collected
aftet approximately 75 hr of engine operation at diverse
-power and speed settings, while that from the multicylinder
engine had 46 hr of similar operation. All of these oil sam-
ples together with a sample of the new oil. were chemically
analyzed. £

The chemical analyses disctosed that no noticeable de-
terioration of the oil had occurred. The total acid number
of the oilremained approximately constant asdid the amounts
of barfum. calcium. phosphorus. and zinc additives in the
oil. No resins were found in any of the samples which in-
dicated that no significant oxidation of the oil had taken
place. The viscosity of the oil remained approximately
constant.

Crankcase Gas Analyses - The possibility of an explosion
occurring in the engine crankcase was considered seriously
when the fuel evaluation study was instituted on the single-
cylinder engine. It was reasoned that piston blowby would
be greater when buming gaseous ammonia and hydrogenthan
when burning liquid hydrocarbon fuels. As a result, a pos-
itive crankcase ventilation system was installed on the en-
gine.

Several engine rins were made with the specific purposes
of measuring hydrogen and ammonia concentrations in the
crankcase gas. Samples of the crankcase gas were collected
while running the engine at a variety of supercharged and
nonsupercharged conditions and while buming both ammo-
nia and ammonia-hydrogen mixuires. No hydrogen or am
monia was detected in any of these crankcase gas samples.

DISSOCIATION OF AMMONIA

Single-cylinder engine tests have demonstrated the ef-
fectiveness of hydrogen enrichment of the ammonia fuel
in the realization of acceptable part-throttle ergine per-
formance. It was found that 2.5% by weight of hydrogen
was the minimum required amount. On the other hand, these
same tests also disclosed that suitible maximum engine
power might be ~%evelopecl without recourse to hydrogen
enrichment of the ammonia.

At a first glance. it would seem reasonable to supply hy-
drogen and ammonia from separate fuel tanks. However,
this would not only require the production, storage. and dis-
tribution of two fuels. but it would also introduce compli-
cations through the necessjty for an additional fuel supply
system on the vehicle. A most critical disadvantage involy-
ing the use of hydrogen is the cryogenic temperatre re-

would be required for its storage and handling. Losses in
transfer and storage would be severe. Due to these unavoid-
able losses and the wide flammability limits of hydrogen,
its use would be very hazardous.

The serious shortcomihg‘s of a separate vehicular hydro-
gensupply system would be eliminated if the desired amount
of hydrogen could be either dissolved in the ammenia at

- 313

the Energy Depot or produced by dissociating some of the

~ammonia. Studies have shown that sufficient hydrogen can-

not be dissolved in liquid-ammonia to provide the desired
concentration (4). Therefore, the dissociation of ammonisa
was investigated, ' :

The following simple chemical equation describes the
ammonia dissociation process:

P
2 NH3 — 3 H2 , N2

(Ammonia)’ " (Hydrogen) ‘(Nitrogen)

To promote this decomposition process, a catalyst may
be used (for example. nickel or fron) and heat must be sup-
plied (5). In a vehicle, the engine exhaust gas provides a
readily available source of free heat. lyt electrical energy
provided by an engine-driven generator would also be a pos-
sible source of heat, . )

From a theoretical standpoint, a dissociator. heated by
the engine exhaust gases. should fulfill &} of the needs of
an automotive ammonia-fueled engine. The tefperature
of the exhaust gas emerging from the cylinders of a con-

.ventional automotive engine is sufficiently high at 4l1 nor-
mal operatmg conditions to insure practically complete dis-
‘'sociation of the ammonia. Unfortunately from a practical
standpoint, the dissociator cannot be located close to the
cylinder exhaust ports and the reaction cannot be completed
because the fuel would not remain in the hot zone long
enough. Consequently. a catalyst rust be em ployed to.com-
pensate for the short reaction time and for the inability to
make use of maximum ‘exhaust gas tem peratures.

Orne of the points in favor of an ammonia dissociator is
the fact that only a part of the ammonia supplied to the en-
gine need be decomposed to provide the aptimum concen-
tration of hydrogen in the fuel mixture. The dissociation
of about 13% by weight of the ammonia is requirdd to pro-
vide the desired 2.5% by weight of hydrogen in the fuelmix-
ture.

It was the original inteng to undertake the development
of a full-scale dissociator in $everal stages. The first stage
was to be a basic study of the dissociation process -- to eval-
uate different techniques for promoting dissociation. This
basic study was to be followed in succession by the construc-
tion of dissociators of increasing size for the single-cylinder
and multicylinder test engines. Only the initial stage of
the development program has been completed.

The basic ammonia dissociation study was conducted with

miniature models using available laboratory equipment and
procedures. A gas chromatograph was used to determine

the degree of dissociation accomplished. The concentra-
tions of both ammonia and nitrogen in the effluent from the
dissociator were measured. The three different 'designs of
ammonia dissociators evaluated in the laboratory are illus-
trated in Fig. 20. Cross-sectional views are presented. and
the small size of these models can be appreciated by com-
parison with the scale. In each model, nickel in various
forms was used as the catalyst. The desirable characteristics
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of nickel. as well as its established use in commelcial am-
monia dissociating devices, prompted the initial use of this
material in the minature models. -

Model A in the figure contained a bed of nickel catalyst

+ (for example, powder or shot) that was heated by an elec-
trical furnace to various selected temperatures. In the case
of Model B. the tubes were constructed of Inconel or stdin-
less steel. bath of which contain nickel, and the tempera-~
ture of the tubes was maintained at the desired temperature
by an electrical fummace. Controlled electrical energy was
supplied to the nichrome filament in Model C.

Figs. 21A-21C present some typical ammonia dissocia-
tion values that were obtained with these three models. In
all cases, the ammonia flow rate was kept below 0.25 CFH.
Temperatures ranged as high as 1000 F in Models A and B.
Electrical energy to Model C was held below a maximum
of about 20 w.

From comparisons of experimental data obtained with
these models, it was concluded that the particle bed reactor
containing nickel shot was the most effective one and the
one best suited for engine application. Results obtained with
the Inconel tube reactor were superior to those of the stain-
less steel reactor. The electrical power requirement of the
filament type reactor was judgéd to be too high for imme-
diate application to an engine. Actually, the filament re-
actor had been designed for quite a different purpose and it
is conceivable that if a reactor of this type had been built
specifically for this study, a more efficient device would
have resulted.

A detailed analysis of the data from the particle bed re-
actor (nickel shot catalyst) yielded some important informa-
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tion of a practical nature. - Catalysis appears to be a signifi-
cant factor in the dissociation process at tem peratures below

+900 or 1000 F. ‘At higher temperatures, the thermal effect

appeats to be the predominant ape. A dissociator of a size
reasonable for engine use was scaléd up on paper from the
microreactor data. Such a hypothetical dissociator should
satisfy ammonia-fueled engine requirs.me-nts in the high
part-throttle and full-throttle operating ranges of a conven-
tional automotive engine. Its effectual performaiice at en-
ging idle and in the low part-throttie operating range is de-
batable due to the difficuity of providing exhaust gas at
sufficiently high femperatures. A combination of the par-
ticle bed and electrically heated filament types of dissoci-
ator might satisfy these engine requirements if the currently
high power requirement of the filament type reactor can be
reduced. It must be emphasized that these observations are

30

36 mi/min of NH3 a

026 g NICKEL SHOT /f
25| X 4.6 g NIGKEL SHOT ’

0669 NICKEL SHOT ¥

[4))

°le DISSOCIATION

. 900 1000
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Fig. 21A - Typical ammonia dissociation data obtained
with experimental microreactors -~ Model A- particle bed
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Fig. 21B - Typical ammonia dissociation data obtained
with experimental microreactors -- Model B-multitibe
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Fig. 21C - Typical ammonia dissociation data obtained
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:
based solely on laboratory evaluations of miniature models
and hence. their direct application to full-scale designs and
operating conditions must be cbnsidered speculative.

Complementary ammonia dissociation studies are being
cohducted at the Allison Div. on a much larger scale dis-
sociator of the particle-bed type. This dissociator is sized
for a single-cylinder engine‘ and uses a promoted iron
catalyst. Preliminary Allison test results corroborate. ingen-

" eral, the findings of this paper and indicate that a simple
and reasonably sized dissociator of this type can be evolved
for use on a multicylinder engine.

SUMMARY

Thewesults of this study indicate that an ammonia-fueled
spark-ignited reciprocating engine can be developed with
performance equivalent to that obtained in current automo-
-tive gasoline engines. Desired maximum engine power may
be developed by two different approaches. In one method,
the addition of a supercharger to a conventional engine would
suffice. The engine would have to be supercharged in ex-
cess of current automotive practices, which should be pos-
sible due to the high octane rating of ammonia. The other
method would involve also the addition of a supercharger
but only moderate supercharging of the engine, an increase
in the compression ratio. and the addition of a small amount
of hydrogen to the ammonia. The addition of a small
amount of hydrogen to the ammonia is a requisite for suit-
able part-load engine perfonmance.

Discussion of this paper appears on pagé‘316f
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-Hydrogen. when added to ammonia in small quantities,
was found to act as a combustion promoter.in accelerating
the burning of ammonia. Dissociation of a part of the am-
monia fuel in the vehicle appears to be the most logical
method for supplying the required hydrogen. A‘prelir'ninary
study indicates that a catalytic dissociator heated by the
engine exhaust gas offers promise of fulﬁlhng the needs of
an ammonia-fueled engine.

The engine modifications involved when.replacing gas-
oline with ammonia appear to be straightforward. Probably
the greatest problem will concern the auxiliary equipment
and controls. The deVelopment of an ammonia evaporator
and fuel metering systems would possibly follow along the
lines of similar LPG system developmeﬂts. The dissociator
would be a novel development but appears to be feasible
according to preliminary Allison test results.

To drive equal distances in a vehicle, at least 2.8 times
by volume and 2.35 times by weight as much ammonia as
gasoline will be required. The fuel system in an ammonia-
fueled vehicle will be bulkier than that in a conventionally
fueled vehicle. However, it is believed that this will not
be a serious handicap for the majonty of mlhtary applica-
tions.
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DISCUSSIO\Y

Discussion of papers 650050 (p. 274).

R. J. FLANNERY
American Oil Co.

THIS AUTHOR GENERALLY concurs with the remarks within
the scope of the presentation. Several comments should be
made.

The first relates to the choice between converted - -interngd -
combustion and fuel-cell power units for vehicles. This
choice might-be influenced by the attractive possibility of
a simple conversion kit allowing use of standard hydrocar-
bon-fueled engines. However, this convertability may not
be unique to IC engines in view of other work directed to-
ward fuel cell vehicles powered by steam reformed petrol-
eum fuels. Such vehicles would bé readily converted by
changing to ammoni4 cracking.

The second relates to scope. While the application de~
tailed in the paper, vehicles, isone of the most difficult, an
army requires energy for various other purposes, ranging from
" cooking and lighting td communications power. Safe ef-
ficient bumers for depot fuels will be needed. A variety of
electric power supphes of capacity or type not possxble to be
provided by batteries in the isolated arena will also be needed.
In many of thest cases, the projected fuel cell, with suit-
able power processing auxiliaries, will probably be more
" efficient than corresponding converted engine generator sets.

The third rglates to the direct ammonia fuel cell. In
the paper, this approach was discarded for consideration at
this time because of lagging technical advance. Yet this
system holds a potential advantage which warrants at least
continued attention to its possible development, This ad-
vantage is high efficiency on idle. The rate of the ammonia
cracker canpot be changed rapidly, - whereas the fuel con-
‘sumption of the direct cell readily drops to a low level on
‘idle.. Important fuel savings can result. In addition, an
an*.biem—temp_e,mt{ne, défect ammonia cell would not re-

850051 (p. un and 650052 (p. 300),

quire 25% of the ammonia’s hydrogen to leat the ammonia
cracker.

The fourth relates to the projection of the fuel cell per-
formances, The projections presented do not seem too op-

| timisde. But, for the benefit of those mote casially ac-

quainted with fuel cells, it should be noted that the

. comparison with present state of artshould beinade for power

densities at the required operating efficiency, not at the
maximum efficiency. Fig. A summarizes the power den-
sity data of Fig. 9 and 11 of the paper and shows the operat-
ing points seletted in the design study. The voltage effi-
ciency lines which have been superimposed on the curves
reveal that the design points are all in the 60-70% range.
The corresponding pointon the 1963 state-of-art curve given

¥

is well below 100 wit 2.
Finally, in a truly isolated arena, some unexpected ma-
terials can become "fuels” in the sense that a supply of them
canr be used up. For example in the processes detailed, air
purification and ion exchange water purification are re-
quired. Taking the KOH requirements for air purification
given in the paper, some 30.tons/year of KOH would be re-
quired for the utilization in fuel cells of the yearly reactor

, output, ‘Chemical nieeds for regeneration of the ion exchange
" bed would depend on available water and on undisclosed

process details, but could be substantial and would apply
whether engines’ or fpel cells were used. Use of thermally
regenerable treatment chemicals would help alleviate a
problem in this area.

E. B, RIFKIN oo
Ethyl Corp.
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THIS PAPER IS an important contriblition to the literature -
on combustion in reciprocating engines as well as a signif-
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AMMONIA A§ AN ENGINE FUEL

icant collectior] of data on the possible utility of ammonia
in the energy dejot concept. '

The authors have clearly pointed out many of the im-
portant factors that must be considered if ammonia is to be
viewed as a serious contender for use as a military fuel.
From their data, it is obvious that, in cortrast with gaso-
line, ammonia suffers from low heat of combustion, diffi-
cult ignitability, and low flame speed. However, these
problems can be overcome to some extent by use of super-
charging, high compression ratios, ignition system modifi-

cations, and partial dissociation of the fuel before induction .

As the authors' data show, ammonia-air mixtures are
hard to ignite. Although minimum ignition energies are
difficult to reproduce and to interpret precisely,' some light
on the problem is shown by the work of Buckley-and a,.
in (1) who showed that the minimum ignition energy for\an
ammonia -air system was 680 millijoules in a condenserdis-~
charge. A comparabie figure for n-heptane in air was 0.3
millijoules. This probably explains why the ignition system
modifications described in the paper marketly increased
power output,

Another serious limitation on ammonia-air combustion
involves the flammable limits, or range of concentrations
that will sustain a flame. In the case of hydrocarbons, these
limits are very broad. Thus, n-heptane for example, will
bum under ambient conditions in aft at any concentration
between 1.1-6.7 Vols % (2). This gives wide latitude to
the engine designer in his quest for maximum power under
some conditions (rich mixtures) or maximum economy under
other conditions (tean mixtures), Further, the stoichiomet-
ric concemtration occurs at 2.3% n- heptane “This allows
more than a factor of 2'in fuel concentration on either side
of the >t01ch10metx‘lc com‘posmon ,

The ammonia-air system is quite different. Here, the

* flammability limits are 15 and 28 Vol %ammonia (1), which

- e

in itself meamthat therd {5 less than a twofold variation pos-
sible in arrmonia concentration for a burpable mixture. The
stoichiometric mixture occurs at'21.%h, with only-a namow
latitude allowed on ejther side of this point. Thus, under
ambient conditions, all flammable mixtures must be near
stoichiometric. Undoubtedly, higher temperatures and pres-
sures will somewhat broaden this range, so that a widerrange
of mixtures can be burned in an engine,than indicated by
these figures. An interpretation of some of the exhaustcom-
position data in the authors' Table 2 can be based on this
approach. Thus, fuel mixture 2, containing ammonia plus
98.8% of the theoretical air, still burns.only 88.8% of the
ammonia inducted . Recognizing that some mixture in ho-
mogeneity probably exists in this system, we can theorize
that thespart of the charge in the center of the combustion
chamber is well insulated from the walls, and thus probably
burns completely because its temperature is high and its
the portion

flammability limits fairly broad. However,

of the charge near the walls is cooler and has reduced flarn -

mability limits, so that quite likely a substantial portion
of it is outsige the combustible range and does not burn.
In addition to the flammability problém encountered-in
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dry air, moist air would likely impose an additional penalty, and re!
since high humidity tends.to substantially narrow the flam- temper
mability limits in the ammonia-air system (3). pressio

To overcome this flammability limit problem, the au~- atmosy
thors have used several techniques with substantial success. CR 4-]
Supercharging and high compression ratfos would both be speed
expected to broaden flammability limits. The cracking of indica
the ammonia prior to inductien is anothér route, which is compa
effective partially because of the very broad flammability ml TE
limits of hydrogen (4-74 Vol %), Anothet possible route is plugs
available, which involves the use of limit-broadening ad- crease:
ditives in the fuel. ,Such an approach is not needed in the ~ ing the
case of hydrocarbons, with their wide ﬂammabiliry limits, 4 ficienc
but could be ver§ useful in ammonia combustion, Some from t
indication that flammability limits can be broadened in this “Th
way is found in the work of Egerton and Powling (4), who wotld
showed that additive amounts of ethyl nitrate had a signif- vilian
icant effect in raising the upper limit of flammability of Eve
several light hydrocarbons. - to be «

There is also a second reason for anticipating that ad- conce]
ditives may improve the combustion properties of ammonia- usefull
air mixtures., This is based on'some evidence indicating needs
that the ammonia molecule must dissociate (at least par- - : e;lgine
_tially) into nitrogen and hydrogen before it will burn. As to the
the authors point out, a catalyst is required to make this ficulty
reaction proceed.measurably at temperatures below 900 fry Un
F. This opens the possibility for an additive to be jntro- econo
duced for the purpose of promoting such dissociation during ergy d
compression. An ammonia-soluble metal compound, de- engine
composing in the engine to produce a fine dispersion of solid effect
metal or metal oxide, might be one possible approach. If terms
effective, it could facilitate ignitability, broaden flam- ent m
mability limits, and increase flame speed. If this approach the fa
were successful technically, it might greatly add to the ality.
practicability of the military -use of ammonia, since it would .
substantially reduce the need for major engine modifica- REFER
tions.

In theu work witlf hydrogen addltmnl the authors have - .
shown how this approach is an attractive oife: for solution of . b’ ! 2,
some of the ammonia combustion problerns, Their resylts . . "' ' / IV p]psm
may be somewhat optimisti¢ in relation to practlcal ap- ¥ Sy . 3.
proaches, since the cracking of ammonia would introduce r | "tion, .
nitrogen as well as hydrogen, and the increased dilution - - ' o E 4..
would operate to reduce some of the gains shown when hy-. ' L 190 (]
drogen is added. From an energy standpoint, the cracking r AR
of ammonia prior to induction into the engine has thé'effect . T A o0
of increasing the available energy by nearly 13% ona weight | e T e "’,;F:'-O.
basis. However, because the dissociation products:bcrupy ' - s " '”‘n"xex"i
twice the volume of the ammonia, the energy would de - tr B £
crease on a volumetric basis by about %. Thus, an addi-, - o . MES§I
tional problem may be encountered in practice where, it v COndu
would be desited to maximize the mass offfuel and auam-e Yot . ' the su
ducted into the cylinder. =S e i theni

Some time ago, Messts. Kerley, ‘Felt, and Adams in - . ' - Di
Ethyl Corporation's Detoit Research Laborat’ories br].g,fly exe ' h Comp
amined the engine performance of ammoma in a sm cyl- .. Fioniy
inder Waukesha-engine with variable compressiorr fatic N " much

- . .
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and removable dome head. They maintained intake air  did not investigate the effects of dissogiation of ammonia, stora
temperature -at 130 F, jacket temperature at 230 F, com- and we extended our work to comptession-ighition engines. All «
pression ratio at 8.5, and manifeld pressure essentially’ . We-agree completely with the resuits the authors present. caus
atmospheric. Spark energy, supplied by the engine'sBendix ~We would like to offer a few observations on the performande , bulk
CR 4-1 magneto, was about 80 millijoulet. Even atthe low of compressiori-ignition engines operated on ammonia, - 1
speed of 600 rpm, they encountered poor combustion, ~as The Armed Forces inventory inciudes 3 high fraction of avai
indicated by a brake thermal efficiency of 13.75%. This vehicles with compression -ignition engines and they, aswell cons
compares with d value of 22.2% for isooctane containing 3 as spark-1gniuon, must be accommoditéd in the energyde- | , titie
ml TEL/gal under the same conditions, When two spark pot concept. We were able to operate a CFR cetane method : hydr
plugs were fired simultaneously, the-value for ammonia in- engine on pure ammonia and ammonia with several addi- ergy
creased to 18.5%, By the additional technique of increas-  tives. Ammonia (or ammonid plus additives) was injected - . . tion
~ ing the compression ratio to 12,65, the brake thermai ef- in conventional fashion, alfhough it was necessary to ad- i T
ficlency was raised to 21%. In general, their conclusions ' vance injection timing greatly and to use a plunger and bush- T tost
from this work support those of the authors. ing assembly in the injection pump larger in displacement - drog
" Through their study, the authors have shown that there than the one normally used in the cetane method engine. . such
would be no incentive to use ammonia as a fuel in the ci-  The engine was started on kerosene, and then switched to cedt
vilian market as long as hydrocarbons are available. ammonia. The enfine would not restart on pure ammonia . the
Even in the military context, much further work needs at 35{1 compression ratio with normal coolant and inlet air to st
to be done to clearly define the potentiality of the overall -  temperatures. However, we were able to attain ignition . 1
concept. The present work is an excellent beginning onthe and regular combustion by ralsmg coolant temperature . ) fact
usefulness of ammonia in gasoline engines. Additionalwork to 370 F and air temperature to 270 F.  Power output ily
needs 1o be done on diesel-cycie gengines and on multifuel at these conditions was slightly less than that obtained at ' oo I
engines. These engines will encounter other problems, due normal conditions with kerosene. We did not analyze the and
to the probable low cetane number of ammonia and the dif- exhaust, but it had a very strong odor of ammonia. Our © com
ficulty of keeping a stratified charge within the flammabil- investigation of additives was limited to only a few choices. sion

L

ity limits. Detailed ‘consideration needs to be given to the  Several were effective; they permitted ignition and regular Diff
economics of the entire concept, including nog only the en- combustion to be attained with somewhat lower compression stati
ergy depot aspects, but also the complex task of modifying  ratio and coolant and air temperatures, v I
engines without rendering them so cumbersome’ as to be in- From these results and ideas they generated, we believe fuel
effective. Finally, the overall evaluation of the system in  that with some engine modifications and with proper addi- pou
terms of competitive cost-effectiveness, in relation topres- tive treatment, it may be possible to make compression- co a
ent methods of wartime fuel supply, will probably be ignition engines operate satisfactorily on ammonia-based ' . has
the factor that determines whether it ever becomes a re- fuel. The alternate, of course, is to convert all compres- lem:
ality. sion~-ignition engines to spark ignition. More work is nec- - ~ . tent
. _ essary to determine which would be the best solution. of.t
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AMMONIA AS AN ENGINE FUEL by

storage of energy is the only practical engined nique.
A1l other possible techniques are all too bulky, €ither be-
cause of high shielding requirements of because of the large .
bulk of the energy storage material and system.

The second common conclusion is that only matertals
available on a large scale, that is, water and air, can be
considered for production of fuel because of the large quan-
tities of material involved. The implication here, is thdt
hydrogen is going to be the basic means for storing the en-
ergy originally obtained, from nuclear or some other sta-
tionary powet sofirce . ’ : :

The third common conclusion is that it will be necessary
to store the fuel in the liquid form or its equivalent. Hy-
drogcn can, of course, be combined with other compounds
such as nitrogen to forméeasi'ly liquifiable fuels, 1f this pro-
cedure is followed one of the e’ssei]tial requirements is that
the resulting “fuel be stable both chemlcally and with respect
to shock. L

The fourth conclusion is that it was undesirable to manu-
facture a fuel conta'ini‘ug oxygen inasmuch as oxygen isread-
ily available in the air free of charge.

It is interesting to note that the papers by Mr. Rosenthal
and Mr. Grimes, as well as our earlier paper, reached these
common conclugions, It should be clear t}}at these conclu~
sions are applicable when considering portable power plants.
Different conclusions might be reached when considering
stationary power plants.

It is pointed out in the papers that the number of potential
fuels containing hydrogen and other readily available com-
pounds, are very limited. As the paper by Cornelius and
co authors points out, the fuel finally chosen, ammonia,
has certain cambustion problems. These combustion prob-
lems seem to arise primarily because of the low energy con-
tent per cubic foot of mixture. In this respect the behavior
of .the ammonia-air mixture reminds one of the lean mix-
tures of conventional fuels which also have comparatively
low heating values per cubic foot of mixture. Thus, it is
very interesting to note, with the excgption of turbulence,-
all of the steps taken to improve combustion performance
of ammonia as an engine fuel increased the energy content
pgr cubic foot of mixture at the time .of gpark that is. in-
creased compression ratio, turbochargmg and so forth.

The thought of improving. combustion by enriching the
ammonia-air mixture with hydrogen is intriguing and in-
gépiéus. We do have some questions, however, regarding
the way in which this was accomplished, particularly, in

- > *view-of the comments just made regarding the low heating

F 5]

-value per cubic foot of the ammonia-air mixture .

- and his associates,

If we
interpret properly the experiments conducted by Cornelius
the tests were run byvadding hydrogen
only to the ammonia-air mixture. The dissociation of am-~
monia, howéver, will produce both hydrogen and nitrogen.
Is it proposed to separate the hydrogen and nitrogen, dis-
carding the pitrogen and adding the hydrogen to thé am-
monia-air mixture” If not; should not the experiments have
been run with the addition of both hydrogen and nitrogen to

the ammonia-air mixture” Would the heating value of the

-power source for the fuel manufacturing units.
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mixure have been significantly less if hydrogen and nitrogen
rather than just hydrogen had been added? Would it have g
not been just as easy, experimentally, to have added hy-
drogen and nitrogen in the proper proportipns?

The discussors would also like to raise the question of
whether or not the thermal inertia of the dissociator, which
decomposes the ammoriig to produce the hydrogen, would
be a complicating factor in the design of the engine-dis-
sociator system? For example, -if the engine were operating
at'low load with consequent low drssocxator tempefatures
and the throttle were suddenly opened fequiring increased
quantities of ammonia to be dissociated, would the disso-
ciator be able to supply these increased quantities?

It is"also interesting to note in Fig. 14 of the Cornelius
paper that 3% hydrogen addition does not prof:luce any. sig-
nificant improvement over 2% except at the very hiaghest
speed-of 4000 rﬁm. 2Can the authors give any explanation
of this " evelmg off” with increased hydrogen addition?

l .

MORTON S, SILBERSTEIN
United Nuclear Corp. .

' THE PAPERS PRESE\ITED in this session on the Efergy Depot

concept deal primarily with the productlon fuel in the field
and the utilization of this fuel to power army vehicles. In
all of the concepts discussed, an inherent part of the energy
depot is a mobile nuclear power plant which generates the
electric power required as input for the fuel production pro-
cess. 1 would like to offer some brief remarks about the nu-
cleampower generating portion of the energy depot .

This power source is bemg developed under theeMlhtary
Compact Réactor (MCR) program for which Alhson Divi-
siornl, General Motors Corporation is thie prime contractor .
United Nuclear Corporation, whom Irepresent has the re-
sponsibility as subcontractor to Allisorr for design and devel-
opment of the nuclear reactor portion of the MCR.,

One of the accomplishments of this effort has been the
design of an .MCR unit fot an electric output in the same -
3000 kw-range for which the Allison and Allis-Chalmers en .
ergy depot conceptual designs were evaluated.,

To meet the'size and weight requirements of mobility,
the MCR is packaged in modules comparable to those de-
scribed for the various energy depot fuel processing units,
These packages are trailer or truck mounted for operatioﬁ :
in the field, and are transportable overland on their trailers
or alternatively by air or sea. .

The nuclear reactor, surrounded by its biological shield,
which must meet extreme low weight requitements com-
pared with ordinary reactor shields, is'the basic source of
thermal energy. Its heat is transferred to a liquid metal -
coolant, which yltimately hegats air in a heat exchanger.
The heated air drlves an open Brayton cycle gas turbine en-
gine, which drives an alternator whose electric output is the
Auxiliary
electrical equipment and controls for the nuclear plant are
housed in separate units connected to the reactor and engme
by electric cabling. )

o)
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‘The energy depot constitutes an extremely attractivesand
logical application for nuclear power. This is an example -
of where the demand for long time operation without addi-

tional fuel supphes is uniqfiely supplied by a nuclear energy °

source . :
Mr. Rosenthal's paper pointed out the weight attractive-
ness of the energy depot in comparison with the continued
supply of gasoline fuel, and the cost studies that have now
been initiated. There are, of course, uses of the nuclear
powered energy depot whére independence from external
supplies is .an asset which cannot be measured in dollars, for
instance, the holding of a key spot which would otherwise
be lost. Nevertheless, it is of some interest to note, that

although the cost of uranium fuel andji/rsssociated plant

are generally consideréd to be high ungler military circurh-

stances, the cost of delivered gasoliné can also be surpris-
ingly high. )

A simplified analysis'of several special wartime sitda-
tions shows that the predominant ¢ost of supplying a major
defense position is 8ften that of the replacement value of
aircraft and ships lost inbringing in the supplies’ On.this "
basis, considering such instances as Tobruk and Malta in
World War II (for which the necessary statistics ate described
by Winston Churchill in his books), delivered gasoline is
found to cost 350 jSO/gal In different circumstances,
then, gasohne may range in valde from the $.30 or so, per
gal. available at the local filling station up to numbers hun-
dreds of times as great under front line fighting conditions .

E. J. GAY
Consulting Engineer
~ "

THE MOBILE ENERGY depot modules present several logistical
problems,” which I think might be illustrated by Figs. B-N,

B. This is China on the old Burma-China Road between
Kunming and Cﬁungking. This section of the roadNs called
.the "Ladder.” It has no guard rails and steep grades, with
a 1/4 in of slime. When rammg the Goer JLISt wouldn't go!
Only a 6 x 6 or 8 x 8 would do the job.

C. This is another view of the old Burma-China Road .

D. The photograph shows typical terrain between China
and northeast India. We flew petroleumn products over this.
area until the pipelines were built,

E. This is up front on the Ledo Road near Myltkyma you
needed snowshoes here .

F. The Ledo Road where a ternporary wooden brldge with
a load limit of 4 to 5 tons and a 4 in. pipeline on eachside
was built.

G. Two of the 4 in. pipelines -‘ahead of the finished
road. These 4 in. coupled pipelines handled 1500 gal/hr/

. line. We shipped aviation gas - motor gasolme and diesel
fuel via these lines. There was a pumping station every 8
miles.

- tanks/hr. : )

H. A portion of the Ledo Road that was near completion
and included a Bailey bridge and mules! R

~

~

One of these lines could refuel seven of the old M-4

* one short stretch at 25%.

Korea

I The picture stiows a finished portion of the Ledo Road, *. °
Giades in this area were as high as 14 to 16%. There was :

J. This'is a Korean river with a bridge out. )
K. Korea - just back’of the combat line. This dirtroad . .
with up to 12% grades was the only line of communication.
A pxpelme came w1thm 15 miles of thig road,
) Typmal Korean terrain.
‘ M. This photograph was ‘taken in Korea and shows fuel
storage for the tent stoves., Kerosene was used What.do
we do when we use ammonia? - " ' - N
N. Here are 6 in. pipelines and a pumpmg station in’ .
These 6 in. lines with a- pumpmg statfon every, 16.5 . .
miles would handle 3300 gal/hr, They would refuel 10 i
ew M-B0 tanks per hour, The newer welded.6 in, and *
8 in. pipelines operating at'higher pressures will handle sev -
eral time§ as much fuel.
The;g, 1s'@ver¥ xeason to beheve that South Vietnam (and

. thqtemtonés;ngrt(ll and west of South Vietnam) has equally® -

.

difficult terfain
would‘ cofifirm thlS

The problems I visuali2€-£an ‘beﬁummanzed by the fol-
lowing-comments;

Apparently, these Mobile Energy Depot modules wmgh
about 30, 000 1b and a complete unit about 100, 000 1b. It
takes a plane nearly the size of the 707 to carry 30, 000
pounds. There are not many military air strips in the area

ey;faf?l /

recent visit to Thailand -

R

Fig. B. - Burma~China road







