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An Introduction to the Nuclear
Powered Energy Depot Concept

EVER SINCE THE FIRST internal combastion englae was la-
stalled in a milixary vehicle, military forces have bocome
increasingly mechanized in the intereuts of eahanced mo-
bility. The msle of the past has boen replaced by mechan-
ical beasts of barden. Similarly, the candle has gives way
to the electric light buldb. the camplive w the ofl stove, and
1he carmier pigecs to the telophone andthe telegraph. Mech:
anization has pald obvious dividends. It also has given the
military forces a voracious appetite for petroloum feels.
Wheseas the Army mule coald forage for memtesasce, trucks
and tanks are depeadont on feel sepply lines. Today, one
of the major peoblems of military Jogistics s sapply of pe-
trolesm

Durdag Woeld War 11, petroleum prodects comenanded
roughly half the U.S. Army overseas suipping. la the Korcss
Waz, this proportion increased to about 0% Today's focl
requirements accoamt for appeoximately 70% of the eutise
supply Joad. While the problems of fuel spply extends w
all the Mulitary Services. §t & especially significast in Army
operations.

The vehiiches and tools of the Army. escatially exten-
sioas of ooe man’ s capabilities, aze characterized logisi~
cally by small. dispersed encrgy demands. The Army fuel
nkement it the aggregate of 3 multitode of these small
coegy needs. As a rolt, the Amny fool mupply system mos
extend from source to the location of the farthent Individeal
widier. In a theater of operations, the foel supply system

Becawe of Increased mechanization. petrodeam mpply
has become one of the major problems of military logistics.

epecially in Amny operations where maall, dispemod enesgy
demands ofen necessitate an extoasive, valnerable fuel mp-

piy complex. The suclear powesed encigy depot, concelved
1

ABSTRACT

Lt. Col. Kermit O. Lindell
Office of the Chief of Engineers, Dept. of the Army

becomes & complex and valnerable network that often re-
sabots O very mobllivy &t mpports. Both quamity and dls-
tritetion factoes are (nvolved.

Wit 2o nucless powered enengy depol CODOEPL, We pro-
jose o amtack the petrolenm wpply moblem in it ctirety
Neclear reactor systemis developed thus far are primasily
clocurical penerators. Thelr fuel corer, weighing 650-$00
B contals Be enugy equivalent of 90,000 bamels of diesel
ot which weigh ln excess of 26,000,00010. To the logisticlan,
the seilizacion of a suclear powerplast i place of a com*
pasable dscsel plast means a reduction in fuel transpecta-
thon effort of 750 semi-tzaller tagk-tracks. It aliows him
1o Bip meore than & year's fuel requiremment along with other
vital spplies in a single. mandard cargo afreraft. It alwo
Mmay mead & reduction ia manpower noe arking from ship-
piog. mosage. and operaticaal functicns

As b@icated earlier. petsodeum products account for
soughly 70% of all Amsy supply wenage. Of ks porcest-
age. almon theee quartess take the form of motor velicle
and abcnafht feel. Noclear reactor systems at this 1ime and
for the fomsecable futwe. will be too bulky 10 be considered
2 locometive mechanisms for the relatively small military
wedicles which cpecate on land. Aa altemative sclution w
the fael supply peoblem & the manufacture of & chemical
f3el near the point of intended use. The nuclear powered
cnergy depat concept. a rmeans of integrating the wemendous
energy density avallable from reactors lmeo the overall Asrey

22 & potential solution o the peoblem. will utilize a nuclear
reactor 1o prodace a chemical feel for vehicle and alrenft
eagmes. The energy depot, legistically independent for a
yeaz, would operate with or near the copsumer in the field
and censderadly brosden Army capabilities.
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epergy requirement, envisages the peoduction of a chem~

jcal foel from readily avallable materials suck as air and

water, by mobile units accompanying the forces in the field.
In effect, the enargy depot will be a moblle fue! refinery

and service mation operating with or sear the conmmer, The

tectnical approach iavolves considerarion of three ma jor
mbsystems: a moblle reactor as the peimary source of en~
crgy. & fuel production complex which toms cut 2 chemical
fuel mitsble for moeage and tramport to the wser, and uti-
lization devices applicable to a variety of operational needs
such as vehicle and alrcraft propulsion, heating, cookiag,
and local electricity generatica. (Theough the energy depot
system. we bope imitially to mpplement petroleums supply:
ip the advanced stages. to eliminate the requirement for
petoleum prodects, and achiove a greater freedom of ma~
pouver for combat units: and consegeently to achieve an
eligibility for comum itment of ground forces into areas and
situations presestly considered infeasible )

Following in-boute evaluation of the technical possibil-
fties of an energy depot. the Army Nuclear Power Program
undartook feasibility studies in the latrer pare of 1861. The
contractons for these studies were the Allls-Chalmers Mfg.
Co. and Allson Div. of General Motors Corp. Both studies
followed the same groznd rules conceming mobility require~
ments, raw materials availability (water, earth, and air). de~
sired fuel characteristics and, hopefully, compatibility with
existing and projected cogines. Both smadies, commpleted in
May and June 1962, concluded that the concept was oper-
ationally feasible and that a logistic advastage would ac-
crue, Represcematives of the two flrms will presest papers
covering their participation in the energy depot work

The general conclurices of the two stadies add up 0 throe
posible eacrgy depot sysems deriving primary energy from
a reactor. The reactor groduces themmal energy or elec-
tricity for peocess power ot for the electolysis of water. The
resslting hydrogee is thea lquefied for transport to the wser
ot combined with nitrogen obtained by air fractionation 1o
the synthesis of ammonia. These two fuels are then used
in combustion engimes or fecl cells to produce mechanical
power. The revolmtionary regenemtive cell concept alwo

%

°MMW’M#“'IWMaIi‘:i
exponsive developmest program would be required 1o

a wable device. The regencrative cell operates

to a rechargable battery and would result in the ;

of the fuel producticn complex.

Afer considerable stady and evaluation, it was decided
that e initial energy depoc work would be dizected towards
the production of ammonia for intormal combustion vebiches.
Phase two of the program, we feel. will prodably be ued
with electric drive vehicles, powered wih fgel cells, and
regenerative cells considercd a third phase.

Within the Army Nuclear Power Program we have at-
rempted some nadimentary experimentation of ogr own on
the wtilization aspect of the projoct. At Fr. Belveir, Va..
enlisted perscnnel in our Nuclear Power Field Office mad-
ified a mandard 1-1/2 hp Army engine to operate on am-
moaia. The success of this effort lod them 1o atemee a
more ambitiouns project. modificationof 2 Chevrolet pick-up
wruck for ammoota - feeled operation. This second expesi-
ment, also successfol tn deamonstrating the posstbilities of
ammonia as a fuel, has led us to hope that a conversion kit
can be developed to permik inexpensive. easy medification
of standard military vehicle engines to burn ammonta as
a fuel.

The muclear powesed energy depot concept offers a jo-
tential dreaktheough in reducing the logistic problem of mil-
fary fuel supply. The capability for exsended operation
of reacton without continpous logistic stpport has been dem -
onsrated, The utilizaticn of this relatively independent
enesgy source 1o peoduce vehicle fuel in a theater of oper-
aticas will add a considerably beoadened dimension to Army
capabilities. Milirary usits, equipped with Energy Deopot
systers, may be capable of mstaining operations for period:
up o & year without the peed for peoviding fuel.

As a result of the development of the energy depot sys-
tom. it is fok that the military forces in the field will have:
1. Greater capability to perform operational missons.

2. Greater freedom from logltic encamberance.

3. Greater economy of forces and rewurces Is perfocn-

ing mew capabilicies.

originally published November 1964
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Energy Depot -

A Concept for Reducing

the Military Supply Burden

ONE OF THE MOST important facton in any combat oper~
ation is the ability 10 provide aa adogsate supply lise. With
ever Increasing requlrements for highly mechanized and
highly mobile forces, fuel supply bas become a critical con-
sideration. Aside from the usual jeoblems of dogistics, maln-
tenance of fuel mpply in combat siruations is further ag-
gravated when rail and road tramsportation facilities arc
highly vulnezable of Dot available. Under these conditions,
the maimegance of fuel mpply can bocorse very cosly ia
terms of casualties to transportation personsel and equip~
mest. This §s particulaily tme when air supply e be used.

Modem ammies can consume fuel a3 a voracions rate.
Recent estimates indicate that even a umall force of 1000
men can require several million poands of feel over a one
year period. The same amoust of cnergy could be prodaced
by necless reactoes wolghing less than 1% of e equivalent
fuel load. The welght advastage of maclear energy sapply
can be directly translated into a reduction of mansporation
equipment and perwanel. Famhermore, if the nuclcar re-
actogs could be used directly tn the combat asca. long and
vulnerable supply Mnes between fuel manufacuaring facil-
irfes and the combat zone could be eliminated.

Vehicle propalsion accousts for mest of the foel med in
the Amny. Coasequently a sumber of studies were made

This paper reviews objectives, approach, and cument st~
tas of encrgy depot studies conducted by the Allisop Div.
of General Motors.

An evolutiogary concept is descrided for near temm ap~
plications wherein suclear enesgy. 2iz, and water can be
combined to prodece 2 fuel for we 1o conventional vehicle

ABSTRACT

A. B. Rosenthal
Allison Div., General Motors Corp.

to determine if nuclear mactons could be installed directly
s military vebicles. These sndies indicated that direct
wie of paclear reacton was not psactical for most vehicles.
Toesefore. 38 Aoy~ sporsored program was (mitfated sc A)-
Moo = July 1961 w detarmibns if 2 method could be found
for indivect we of suclear caengy a3 a wwwe of vehicle pro~
puldice power. The concept concelved for this parpose was
temmed the coergy depot.

CONCEPT DEFINITION

o plasnieg the initial mady at Allisoa, the energy depot
was vimalized, as shown io Fig. 1, 2o comuist of a omclear
powssplant and an asociated epergy conversion aad storage
symems. The combined system would provide & means for
fagmenting Qe avallable uclear encrgy in a form saltable
for vebicle propulsion. The overall system was o be ca-
pable of being packaged s that &t could e tzansported by
land, sea ox afr, Aseclear powerplant suftable for the over-
all symem wat already wnder fnvestigation (n an ABC/Army
peogram being cooducted at Allisce. Thercfore, primary
effort 1o e lnitial energy depot sedy was directed towards
2 definitice of feasible processes foe conversion, gocage. and
seiizasios of energy from the puclear powerplant.

ezgincs. Foel manufscture aad esgine operation studies
ase dcumed. For loager tesm use, 3 revolutionary concept
& described whereby a nuclear power soerce can be used
o secharge 3 electric vebicle propulsica system. Both the
evoletionary and revolutionary comoejRs are shown 10 pro-
vide importaat logistics advantzges for military operations.

originally published November 1964
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INVESTIGATION APPROACH

As shown in Fig. 2, a very beoad appeoach was taken in
the study of feasible procemes for the energy depot. Con-
sideration was giveo to storage of reactor output in 1t basic
form of beat and radiatico. as well as to the coaversion of
basic oetpat for stoeage in the form of mechanics) ce cham-
Ical epergy. Direct sworage of reactor cutput woeld elim-
ioate Josses associamed with the comvession of eneegy from
one form to ancther. However, all methods for socage of
heat and radiation were found to b o bulky for vehiclo
applications. Similarly, po reasonably compact method was
found for storage of esergy in mochanical form, Thas, it
was concluded carly & the study that suclear enesgy would
have to be coavernted and mored in chemical foem fn ordes
10 obtaln a feasible system. It should be noted hore that
so-calied electric stoeage batteries derive thelr energy from
chamical reactions and were, therefore, considered in the
chemical energy storage clasm.

The asalysis of chemical energy sorage systems was di-
vided into two categories. One classificatics, called chom-
ical masufacture, considerod appeoaches in which faels would
be synmthesized from locally available matorials with a se-
clear reactor asthe power source for fuel manufsctuse, How-
ever, it was reqaired that the focl mazerials be univenally
avalladle in substantial quaseities is common earth, alr,
and water. Por sech systems, the reaction prodects fromthe
energy utilization device would nct bo saved since the sowce
of fuel matorials was considered emsentially liraitless

The second clamification. calied chemical regenesation,
comsidered techaiques that would permit completo froedom

Fig. 1 - Energy Depot concept

originally published November 1964

from local fuel material supply requirements. To achieve
this. a given quantity of reactants would be taken im0 the
field. Afer use in a power producing device, the peoducts
of reactice would be stored and sbecquently regenesated
10 oteain the original reactants. Power for regenceation
waould be provided by an on-site puclear powesplant.

Both thermochemical, or conventiosal combution en-
gines, and electrochemical devices ware considered for
esergy uillization methods.

REGENERATIVE FUEL SYSTEMS

In the study of regenerative fuel symems, the we of com-
buion eagines was corsidered impractical because of the
difficelties amsociated with collection, compeession, and/of
liguefaction of the exhasst gases in ceder to reduce thelr
storage volume prior 1o regesention. Thas, prinsary effon
in this area was directed toward foel cells whese the reac-
tice peoducts as woll as the sactants could be obtaimed Ia
lquid foan for maxizyem compactness of Rozage.

After analyzieg a large number of reactants, it was coa-
cluded that the liquid metals offered greatest promise as
rogenerative fuel marerials because they offered potesially
high power-w-welight ratios for fuel cell symems. Purtber,
the liquid metals could be regenesated I liquid fonn rather
than in gaseous form as with other reactants. The laterad-
vamtage eliminated the added complexity of liquefying or
compressing the regenesated products for stocage. It was
also concluded that alr would be desired as the oxidant iace
it was readily availadle and thus did mot have 1o be stored.
The mog common electiolytes used for the electsochemical
reacthon of liquid metals with oxygen are agueouws solutions.
Ordinarily, the liguld metals would react violeatly with the
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water In the elocimlyte, To prevest this seaction, the Liquid
myetals are combined with mercary s as amalgam before
being fed to the reaction zoee. The reactios woduct of the
amalgam and alr b an alkali hydroxsde, This material couM
be retursed 10 B depot aad elecuolytically regenciated
w free the 1iquid metal for re-wie. However, what was seally
desired wis the ability w0 regenerato the fuel within e fusl
ooll in a manner similar tothe rechargiag of & bawery, This
wouM eliminate the need for aa electrolytic plant at the
depot and the peed 1o handle and store liguld metals

The regenarative fuel cell mystem concelved for thisstedy
5 dhowa s Pig. 5. Sinee it s & combination of two basie
fuel cell rypes, it was termed the combined cell. 1o this
system a fuel such & potambam would fiast be reacted with
mescwry. Thit reaction woeld prodece electrie power while
forming an amalgam product, The amalgam would then
be reacted with exyges fom alr to form XOH. Mercury in-
vemtory would be minimized since it caly mrves to transfer
K from coe portion of the systom 10 asother. To recharge
the sytem, the KOH would be pemped back ksto the amal~
gam cell and power would be supplied. This would elec~
rolytically regeaerate the K and retum R w the amalgam.
The cxygen would be liberated. The amalgam woeld then
flow to e upper call where it too would be electsolytically
docomposed to retarn the X 10 the soeage task. Under an
Arzvy -spossored program., labovarary studles were conducted
at Alltscn 0 demonstsats the rogenesative characterisics
of this concept. O e bass of coaceptaal design siudies,
It was estimated that a powesplant of this type would be les
than 1/10eh e size and welght of an cquivalest Jead-acid
batery, In contrast with a converticoal batiery, e range
or opezating time of this device ks depeadent oaly on i
foel sorage capacity. Thas Ik offessd good potestial &
a power source for vehicles.

A concoptual vebicle ingallation for the comdined coll
is shown in Fig. 4. Power from the ool would be fed w
cloctric moton which vauld drive the wheels ather than
e conventiceal engloe and tansmision system  The ebec-
wochemical peocesses wsed for both fuel regonesatica and
power production in this concept offer the highest efficien
ches for couversion of chemical energy to other forms. This
would provide a higher ovemll ensgy depot jower coaver
ton efficlency Bas sny other system considered. Alw in
this concepe. the esesgy depot peoper would caly consist of
& puchear powesplant which supplied electricity for recharg:
ng the batteries. This would tmprove Baergy Depet mor
biliry and would stuplify coergy depot epcration. Or, In
other terms, the combined cell appeoach would permilt fewer
depots for operation of & given vumber of vedicies

As with other elecuochemical devices, the camblood
ooll i significantly larger and beavier than conveations!
engines of equivalent power cutput. As a resull, By appldi~
cation would be limited 10 vehicles hat can wiente rel-
atively low power ~to-weight rario propulsion sysems. There-
fore, consideratica was also given to concepts which woakd
wilize conventional engines in onder to permit wides pos-
sible application of the cnergy depot concept.

MANUFACTURED FUEL SYSTEMS

In order 10 detenmine the feasibility for saing coaves-
tional engines, fire antestion was directed 10 the chamacter~
fstics and avallability of potential foel materials. Table 1
shows the distribetion of elements 1o comenon samh, alr, aad

water. An evakation of marerials avallable for fuel man-

originally published November 1964
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ufacture showed that common earth would 0ot be a good
source of supply. Silicon, a potential fuel material. can
be found almost everywhese, bat it i geserally in oxidized
forms that are difficult to beoak down. It would also be ex-
tremely difficult to use, becawe of its great affinity for ox~
y§eo.
Oxygen and pitrogen are readily available from air, bat
they are coasidered building blocks for foels rather than fuels
themselves.

Formunately, hydrogen, ap excellees fuel matesial, is
readily available from water and was considerad to be the
key element in any field manufactured fuel.

Table 2 compares some potential enecgy depot fuels with
gasoline. As shown. hydrogen obtained from water in gas-
eous form it net sufficicntly dease to permit reasonable stoc=
age volume. In order to roduce volume, it was coasidered
necessary to lquefy the hydrogen before it could be con-
sidered practical for vehicle propulsion. In addition, con-
sideration was given to compounding the hydrogen with ni-
trogen and/or oxygen to increase its storage density. Ofthe
many compounds investigated, the most promising was am-
monia which could be prepared by camblaing hydrogen with
nitrogen to form le.

Thus the potential fuels were namowed to liquid hydmo-
gen and ammonis. In the final analysls, ammondia was se~
Jected in preference o liquid hydrogen as the recommended
foel for use in conventiomal cogines. The selection was

Table 1 - Chemical Fuels Source

Por Cont
Earth
Normal silicate rocks - 6% o, 43.5
(includes sand) St 5.9
Shale - 4% Al 75
Sandstone (1 Fe 4.9
Limestone Mg 1.9
Ca 34
Na 26
K 24
Dry Ale
Gases and vapos tzaces Nz ..0
C)2 20.9
A 0.9
(;O2 0.63
Inent
Water
Sak and fresh water, snow H, 11.1
lce (armaspheric vapar) o, 88.9

originally published November 1964

based ce its case of mamufacture, case of handling and stor-
age, and greater safety in reciprocating eagines.

After mlection of 3 foel. 3 conceptual design was pro-
pared for an Epergy Depot as shown I Pig. 5. This place
basically consis of 8 moblle ammonia mam facturing plant
and an asociated mobile noclear powerplazg, The con-
ceptual design was based on a powerplane outpat of 3000
kwe. In the foel manafacturing system, one module would
bo wed to extract bydrogen from water by clectrolysis. An-
other module would be used 1o obeain nitrogen from als by
fracticoation. The third module would combine the nitro-
gen and bydeogen under high presmure to produce anhydrous
ammonia. The ammenia would be handled and stoced in
convertional. over-the-highway vehicles as used for com-

Table 2 - Comparison of Focls

Heating m‘: Foel Plus  Cootainer
Value 3 a3
Foel Ba/1b 1b/ft Ba/1b  Beu/ft
Gamolive (ref.) 18,700 48.6 17,900 904,400
Hydrogen gas
(70F 2000 psia) 51,593 0.0066 2.220 32.800
Hydrogen liquid
(~423F 15 pmia) 49,150 4.44 11,600 179,500
Ammonia Mquid
(70F 125 pada) 7402 4240 7.540 247400
Hydrazise liquid
(70 F 15 psia) 6.723 623 6.450 408,500

Fig. 5 - Energy Depot - mobile feel manufacturing plast
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mescial disridution of ammonia. This symem could be
moved by land, sea, of alr 1o any bamtle zone and starved
up in & maner of houss

The ak fractionation and amsmoniz synchesls modales
arc based on current state-of-the-an equipment. However,
the clectrolysis unit is roquired to be an ceder of magaitude
lighter than available commescial units. In ordes to achieve
this objective, Alllson has been developing a lightwelg'z,
compact unit wder Ammy spossorship.

The electsolysis unit will be coenprised of a group of
modules similar to the Lach modale
will contain & series of edectrodes separated by plastic which
also form the contalament vessel when bolied rogether. An
aquecus electrolyte will be fed into the umit. When powes
Is mapplied 10 the electrodes, the water in the electrolyte
will be dssoctated to form hydiogen and oxypen. The ox-
ygeo will be vented and the hydroges will be fed to the am-
mOonda synkhess unit.
mated in order w0 determine the optimum composition for
A laboratory pero-
totype unit was falricated and installed in the tost rig shown
in Fig. 7. Endusasce and performance tests were conducted
w0 evaluate power requirements, fluld fow characteristics,
and mechanical design fearmes. pleted
tosts 1o date show that the proposed electrolysis unit will

one shown in Fig. 6

More than 150 electrodes were eval-

high efficiency and tructural itogrity.

Rezulis of the com

better the desired size and weight objectives for the eacsgy
Gopot I)‘L'-c:n

Fig. 7 = Msliple dynamic cell tes rig

The next sep in the lavesigation of the masufacrured
fuel apgeoach vas 1o determxine e feasPUny of ustag am-
monia in conventional engines. Ammosia was knows o
bave bow flammability lim s and high igaition cocngy e

T -y

..‘\",w .. '_h"‘-
a‘*

F
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quirements. Although special enginess might be developed
10 accommodate these characteristics, it was desired that
modification: be held to 2 minimem o thar eximing en-
gines could be operated on conventional fuel as well as am-
monia. An exrensive investigation was conducted to de-
termine the feasibility of using ammania in reciprocating
engines. This program is descrided in an accompanying
paper by the General Motoss Research Laboratories.

At Allison, a comprehensive amalytical and experimental
effort was made to define he extent of modifications ro-

Quired for varbine engine operation. Combustion smdies
ware conducted in the test rig shown schematically fo Fig.
8. These tests evaluated both liquid and vapor injection
of ammonia in & variety of injector and buner configuss-
tions. Some typical injectors are shown in Fig. 9. There-
sults indicated that the poor Mlammability and ignitica char-
acteristics of ammoeia could be impeoved by mixing it with
hydrogen. The hydrogen would be provided by partially dis-
soclating the ammonia before it is fed to the combastor.
Plg.lo”puuMMuupdmdm

,+___ g

7/ T
i 1
| 1,68

Air / o, y — S —T w
p HH|S 1

Té3 combustion liner L
BOT emocouple place

Fig. 9 - Ammoeia injector designs

Fig. 10 = Hydeogen enrichment of ammonia vapor
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Fig. 11 - Epergy Depot verus gasoline losd for sepply ve-
hicle company

ammonis with that of dimociated ammoads. These resalts
indicate that the dissociated mixtuse cas be used to provide

sathfsctory performance over the engine opemting rasge.
SUMMARY

The logisics savings of both the regenerative and maau-
factured fecl ooncopts were found 1o be extremely great.
For eample, Pig. 11 compares the weight of gasoline with
the weight of equivalent energy depots that would be tram-
ported to a theater of operations to wpply cnergy for & typ-
tcal vehicle group over a one year period. With the regen-
esative fuel-combined cell concest, the cross-over podnt
weald occur i abost five days. All of the foel required
after this pariod would weigh in excess of the aquivalent
energy depot. Similarly, with the ammonia manefactured
fuel-combumion engine system the logitics koad cros-over
point occurs afier about 30 days of operation.

The pext step in the energy depot program I3 o deter-

mine its cost/effectivencss in competition witk conventional
fuel mpplies. Preliminary sadies have shows that the I~
ergy Depet can impeove the mobility of a combat group by
removiag its fuel sapply constraint. Investigations ae -
dorway to determine the cost advantage of Increased mo~
bility vernus the cost of procuresacnt for the epergy depet.
If the energy depet proves as attractive from an ecoasmic
andpoint as it dees from a loglstics standpoint, the usefil-
pes of nuclear power for military appiications will be greatly
enhanced.
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Fig. 11 - Epergy Depot verus gasline load for sapply ve-
hicle com pany

ammonia with that of dimociated ammonis. These resals
indicate that the dissociased mixture cas be wsed to provide

satisfactory performance over the engine opemting rasge.
SUMMARY

The logisics savings of boch the regenesazive and masu-
faceured faol ocooejes were found 10 be extremely great.
For emample. Pig. 11 compares the weight of gasoline with
e welght of equivalest encrgy depons tar would bo trass-
pomed to a theater of operations to supply energy for & typ-
ical vehicle group over a one year period. With the regen-
czative fiael-combined cell concest, e cross-over polrs
woald occur i abost five days. All of the foel requised
after this period would weigh 1o excess of the equivalen
cnergy depot. Simsilarly, with the ammoota mamefactured
fuel- combuzion cagine system the logatics kud cross-over
pouE accurs after aboct 30 days of ojesstion.

The pext step in the energy depot peogram Is 10 detor

mine ity cost/effectivencs tn compotition with coaventional
fuel mpplier. Preliminary sedies have shows that the In-
ergy Depet can impeove the mobility of a combae geoup by
removieg it fuel sapply consraint. Investigations ae un-
derway to decermine tho cont advantage of inceeased mo~
bility vemes the co of procerement for the coeegy depot.
If the cacrgy depet proves as atractive from an economic
sandpolnt &5 it does from a logistics standpoiae, the uscfil~

nes of nuclsar power for militacy applications will be greatly
enhanced,
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Energy Depot Fuel Production

MODERN FIELD ARMIES today face an increasing fuel logis-
tics problem. The major poetion of the supplies broughs to
a theater of operations is fuel for vehicles, electric power

generaticn, and heating. AL stdies pokat 10 ag evea greater
increase in foel comsumption 1o the futwe.

Use of acclear energy in the field is 2 potential solution
o tiis prodlem. However, limitations of size asd weigh
imposed by present nuclear technology peohidit the wse of
vehiales individually powered with noclear energy. There-
fore, the nuclear energy must be converted to eaergy forms
that can be wed to power individual vehicles,

In this concept, energy catput of 2 mobile nuclear re-
actor woald be processed 10 socsble energy fornss readily
tragaportable to the enesgy consumers. This energy depot
would be mobile and could accompary the fleld army in
it operation. The concept would allow an exsended oper-
atios of Mied win independent of owtslde fuel supplies.
Ficld commanders would have greate: freedom on operas
tion, s providisg an epportunity to seize and maiatain
the initiative.

ENERGY DEPOT FEASIBILITY STUDY - A feasibility study
of the enc:gy depot concept was mdertaken by Allis-Chal-
men Manufacturing Co. with Air Products and Chemicals,

ABSTRACT

and Utilization

P. G. Grimes
Research Dw., Allis-Chalmers Mfg. Co.

oc., & a subcoatractor (1) ®  In this sudy every concelv-
able means 10 powes vehiches indirectly with nsclear encrgy
was considered. Numecous criterla or guidelines were used
in evaluatioa and selection of amractive esergy depot sys-
terss. Such syssems have to be mobile, highly efficiear,
small in tize and welght, and capable of operating cucn-
tally independent of supply. The emesgy depots must be
road, afr, and sca transpostable. Thas, all equipment ment
be contzined in modules, not cxceeding 30,000 1b inweight
and §.5 x 8.5 x M ft in dimensions, Scwce of raw mate-
eials for the energy depot is limited o air and wates. Eank
as a raw material is eliminased because of variable com-
position. Maintenance materials are 100 minimal permit-
ting exiended operation fiee of outside supply. Enesgy forms
should be storable to permit a supply dudldup for use daring
movement of the energy depot. The convession of nuclear
energy 10 “power at the wheels™ requires efficiency 1o mind~
mize the depot's size and weight,

Using these crizerla, analysis of potemtial energy depot
sstemns Jeads to the geacsal sclection of systerss whick con-

*Numbers in parentheses designate References at end of
papes.

The Army'’s fuel Jogistics problem could be reduced or
ellminated by use of puclear energy in the fledd. In this
concept, nuclear emergy is comverted 10 chemical fuels with
locally available raw materials. Hydrogen can be prodoced
by electrolysis of water with elecuicity from 2 apclear re-
actor syssern. [t cam be cooverted o liquid kydrogen for

10

case of tamsportation.  Altemately, llquid ammonia can
be prodeced from the hydrogen and adtrogen extracied from
air theosgh liquefaction of ale.

These fuels can be used most efficiemly in foel cell sys-
tems. The electric powered vebicles i these cases mayhave
distisct military advantages. The fucls can be wed %0 power
modified combustion engines.

14
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vert the muclear esergy 10 chemical fuels. These fucls can
be sweed, their epergy trazsported ia an eadly divisble
form, and they cas be wed for heating aad o power ve-
hicles.

Two eoad chemical appeoaches can be employed In the
encegy depot concept; the spen cycle and the closed cycle.
[a the open cycle process, the chemical fuel is syntheined
from raw materials (air and water) at the depot site. The
fuel is then transporied 10 the user, Theern fuel i oxidized,
energy is extracied, and oxidation products of the fuel are
discharged 10 the atmosphicre. In the closed cycle process,
the oxidation prodacts ase retained at the user, returned 10
the depor, and reprocessed o foel.

Iz the open cycle peocess, caly the clements present in
Air and wates are availlable to synthesize potential foels and
oxidants.

Considcrarson of the physical properties, the methods and
efficiency of synthesis, the energy content, and the wage of
compounds reduced the potential fuels to liguid hydrogen
and the hydsogen carrler, lquld ammonia, Poteatial oxi-
dants were reduced 30 air and liquid oxygen.

The lguid hydrogen syathesis process involves cosversion
of naclear cosrgy to elecuionl eneigy, clectrolysis of wases
to hydrogen, followed by liquefaction of hydrogen. Ammo-
nia is psepared by reaction of the hydrogen with nitrogen
produced by liquefaction aad fractional distillation of ais,
Both processes are bagically techaiques of densification of
hydeogen for storage and wanspoet.

Radiolytic docomposition of water and other chemo-
nuclea: synthesls processes were found to be of low effi-
cleacy, and the synthesis prodect purificatica process com-
plicated fuel production. Direct thermal decomponition of
water requires reacticn temperzataves 200 high for an attrac-
tive process. [ndizect thermal decompesition of water using
imermediate resction sieps with thermally regenesable
<chemicals does pot appear to offer a highly cfficient process
for hydsogesn peoduction.

i the closed cycle processes, almost any chemical oxi-
dation reduction process bas potential a3 an edergy camier

R 2 g J
It St L R N Uy e i

o o .

E
. L
— N A W e

Fig. 1 - Artist concept of liquid Mydrogen eaeigy depot

1
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in the energy depot concept. Comsidesations of physical
propertics of compounds, energy coatenrt of fueks/axidase:,
and efficiencies and methods of systhesis, and state -of -the -
ast of various powerplants rapidly seduce the lisz. Of all
processes comsidered. only e sodiam metal process and the
methanol /caustic system survived for furthes analysin.

In the sodium process, sodizm hydroxide solution at the
Sepot & clecrockemically coaverted to metallic sodiam,
water, and oxypes. Sodium and water are swoved and trass-
ported 10 the usisg vehicle. They are med these 10 peoduce
clecurio power for the velicle drive. The sodium is con-
verted 10 sodium amalgam is s electrochemical process
producing electrical energy. Amalgam, water, and air ae
thea supplled 10 2 sodiem amalgam/ai: fucl cell that poo-
duces moce electrical energy for the vebicle drive. The
wodium dydroxide solstion prodoct is returned 30 the depot
for reguocessing. Alsemately. the velicle may seturs to the
depot where electrical cnergy is fed im0 the clectrochemi -
cal devices. This reverses the process above and produces
sodism metal axygen and water frocn e sodivm hydroxide.
This process s azalogous to the recharging of secondary daz-
teries. The sodism process is potestially very efficient, dut
in a8 casly state of development (2-4). Operatiomal and
tactical characteristics of the system require further anal-
ysis before a sysem selection.

In e methanol /cavesic rystem. sodium bicarbonate at
the depot is reduced with bydsogen %0 methanol and sodizm
hydroxiée. These are camied 10 Do wuing vehicle. Meotda-
0ol §s seed in a methanol /alr foel cell and w0 peoduce elec-
trical eaergy for the vehicle deive. The oxidatios produces
are retwned o the depot as sodium bicasbonate soletion.
The total weight of the vehicie drive based upoa the stase-
of-the - 25t of methanol cells eliminated this system ia ixirial
studies. Recent advances in methanol stilizatice cfficiescy
may make this system attractive following further ssalysis.

Energy depot fuch oced o be wed with Righ efficieacy
10 utilize the auclea: encegy most effectively. The foasi-
bility analyis showed that hydrogea and amenceia could be
used most efficieatly in fuel cells 1o produce power at the
uss .

\“*

Fig. 2 - Amangement for field opezation
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ENERGY DEPOT FUEL PRODUCTION AND UTILIZATION stndy was to define mote clearly the chacacteristics (weight,
CONCEPTUAL DESIGN - Allis-Chalmen with Air Products  volume, processes, and performance) of the depos and
then wdertook a coaceptual design study of enesgy depot vohicles designed for these two focls. A fucl-cell-powcred
feel production plasts, and fuel cell powered vehicles using  armored persoanc] carrier, based oo the M113, was selected
elther liquid hydrogen or ammeais (5). The object of this  for the vehicular study.

———————————— -

Fig. 3 - Liquid hydrogen process flow diagram

16



ENERGY DEPOT CONCEPT PAPER: SAE SP-263 -

Other studies have thown the feastbility of mebile nuclear
reactor electric power plants. For this andlysls, a syssem
capable of producing 3000 kw of clectrical energy was ai-
sumed,

For purposes of this study, the concopiual designs were
projected 10 the late 1960°s state-of - the - ant reperesentisg
prototype energy depots and vehicles as designed after com-
pletion of an extensive development program. However,
the selected conceptual designs are based wpon firm engi-
necring peinciples,

Much of the data wsed 10 develop these conceptual de-
signs was made avallable %0 the project from the company
asd governmeat spomoced researc is owr Rescarch Labora-
tory. The electrolysis system was developed exclustvely
from company sponsceed reseasch. The fuel cell systemn
descrided were developed through our own peograms and
coptracts spomsored by NASA, the Alr Force, and the Anmy.

LIQUID HYDROGEN FUEL PRODUCTION

FACILITY DESCRIPTION - An artist concept of a liguid
hydrogen enesgy depot is shown in Fig. 1. It coasiss of four
modules, exclusive of the reactor system. During operation
the electrolysis modele -~ coataining the water purifica-
tion plant, the water electrolysis plant, and rectifien -~ &
located adjscest to the nucleas powerplant, This aszange-

originally published November 1964

meat allows the water punfication plaat to use the waste
thermal energy from e tbise cxhaut (Fig. 7). However,
the greater significance of Bls smaagement (s that it re~
quizes only a shost leagth of elecmical cable to connect the
turbine alternaior w the electodysts plant. Since this plast
utilizes about 8% of e clecincal power, & significant re-
Suction in e weight of clectrical cadle peeded by the
energy depot is allowed. This electrolyits modale alwo con-
takns the cloult breaken for e wocal plagt. Raw water is
supplicd to the parificatson plast oo the electrolys module
by a pamp located cutside De teacter exclusion radius. A
small high peesase hose is weed 0 wamsport the gaseoes
hyérogea from the electmolysis plast 10 the liquefacticn
plant.

The hydeopen Nouefaction plast & cootained oa two
modales Jocated adiaceat W cach other outiide the excls-
shon radius. All cold couipmsent & in two imsulated cold
boxes on the bydcoges liguefier cold equipment module.
This modsle alse contiio e expanders for the hydwogea
secycle and nluoges sefrigesation loop. The two majer
compresmsors, the hydrogea recycle and nitroges recycle com-
presoe, are moemted ca e bydroges Liquefier compeessor
module.

The coatrol madale. coatalaing O cestralized contrel
panel for the overall eaesgy depot. 5 adjacent w the two
liguefaction plast modules. Space &5 provided on this mod-

17



ENERGY DEPOT CONCEPT PAPER: SAE SP-263 - originally published November 1964

14

ule for depot maintesance operaticss. supplies, and for car-  tios plast. I sdditicn. operaticn of the electrolysls plant
rying the cables and bowe during tramsit, a1 bagh peesmare eluninstes the ineffickencies of the mechan
PROCESS DESCRIFTION - The proces system flow dia-  lcal aod cyche losses of the hydrogen feed compressor and
gram for the Nauid hydogen energy depot shown in Pig. 3 increases e product cutpet.  The theoretical increase in
can be described in terms of the water purification plant, m.ixhh/b"rwhmmm-

lectral , and liquefaction 2
: e -hr:::m::hwvmﬂlwm.quWhmms-

o ihs fhe seer \eater salsshls fox to & e o ating at atmonpletic premure was used for this detiga stady.
1t is prosected that the high peesncre electrolysis process will

plant. Coataminasts in the water would remain in the eloo- 19.96 kv ke /B

trolysls cells. The raw water (4-6 gpm) is heated in an at- . g T

mospheric pressare boller by the exhaust gas of the reactor The clectoiysis module s (llmtrated in Fig. 4. Flectro-

g™ tarbine. One half to one thind of the rav water s evapo-  lyss cell modebo comsected electrically in series parallel

1ated, and the romainéor continually diaised from the bodler  are ssembled i exltcell groups fitted into preswire tanks.

0 1educe scale formation on the hoat - trasefer mirfaces. These emadsles (Fig. 5) ae arranged in foar groups of six

Electolysis Mant - in this study it was fosnd desisable cach. Bach group has & rated input of 700 v,

10 operate the eloctrolysis cells above the pressares tequired Gas owthets from each elecuolyihs modale are consedted

for the feed stroam of the hydrogen ligeelaction plast. This 10 one of e fow collection manifols, which conduct the

climinated the need for feed compresson for that system flukds 0 De centrally bacated gas-electrolyte collection and

which reslted (o & wolght saving for the weal fuel produc-  sepaation equipment, srving all fowr clecult.  Remotely

O, s nvbber

8fr4]

electiolysis
multi-cell mody

Fig. 5 - Hectolysis cell module stack
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Fig. 6 - Electrolysls cell voltage ampesapge characteriszics
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ELECTROLYSE CFLL MODULE
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opesable valves peovide for bsolation of any of the four
indcpendamt clxcsit. Presuse @roughout the cycle is regu-
Lated by a8 amangement of contol valves at the ostlets of
e electolyss plast.

adivideal electodyss cells ass of e series bipolas
design. siemila: %0 Done wed 2 Alll-Chalmess fued cells.
Major conpoments of cach cell comist of a bydrogen elec-
zode. an axypen electiode, 28 abewos matrix clectolyte
holder filled wih KOH wiaton and aa electrode dolder ov
bipolar plate. Flecuelyte & circulated thioaghd e caygen
evolation sides of B cells © provide make-up water,
remove cayges. ol ccogol e cell Operating lemperature.

Fig. € (tmTates eloctrolyns cedl voltage characieriics
obiataed by Allis-Chalmers with cells stilizing foel cell
bipolar plate comstraction.  Exmapolatica of woday’s state -
of -the - ant indicates that clecwoiysis cells caa most pecbably
be developed Bat opesate a3t 1535 v per cell and 400
m/ﬁ’ndﬂyumm. (This s
equivalent o & power regutscoment of llbhi/lll'
produced )

Clecalar digolas plate geometry permits maximum uuili-
tation of 3 cytindrical pecswe vese! (Fig. 7). The pro-
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posed detign s based on the use of porous sintesed metal  designed 10 take the peessure differential between the cell
electrodes. Catalysts are deposited on the electrodes to aid  Operating pressure and the armosphere. Bellows pressusize
in the decompesition of water by lowering clectrede poten- e iamide of the vesiel (outside of the electmolysis cells) to
tial. the pressure level inside the cells with a nonelectrically
In order to minimize intemal resistance, the cell is conductive liquid. This design climinates pressere differ-
designed with a thin XOH filled abesios membrane. This  entials at each of the individual cell junctions.
membrane safely withstands the maximum pressure diffes- Each electrolysis module contains two units (A s0d B In
entials allowed in the projected pressure coatrol system. Fig. 7) of electrolysis cells operating electrically in paral-
Each cell is scaled with O-rings. This seal separates thegas  lel. Each unit contains 70 cells in series. The “pressure-
and elecolyte from the pressurizing liquid fill outside the  seal” type of closwe for the pressure veste! was selocted over
cells. The pressure drop acsoss these seals is pegligible,  the more conventional bolted flange to reduce weight and
since the liquid fill of the clectrolysls module Is held at a ovesall diameter.
pressure only slightly less than that of the hydrogen gas. The LIQUEFACTION PLANT - Hydrogen at about 1500 psi is
pressure of the liquid exceeds the intemal cell pressure only  delivered to the hydsogen liquefaction plant. A modified
at shutdown and then only by the bead of the liquid in the  high pressure Clande liquefaction cycle (Fig. 3) wasselected
module. for the system dbecause of its efficiency (6).

The clectrolysis cells ase in presuse tanks (see Fig. 7). A hydrogen liquefier is a speclalized combination of

Table 1 - Characteristics of the Energy Depots

Liquid Liquid Liquid Liquid
Characteristics Hydrogen Ammoaia Characteristics Hydrogen Ammoaia
Fuel Production Effi- Hectrolysis (d-¢),
cicacy®, % 68.0 67.1 Jow /e /16 H, 19.85 19.93
Production Rate Hydrogen lquefaction,
Fuel, Ib/hr 14 110 kwhs /B H, 4.60
Equivalent beat®, Nitogen geseration,
Bru/he 6,980,000 6,870,000 kwhe/Ib N 0.40
Puse wate, 1b /b 10850 1136 i
Hydrogen, 1b/he n7 12 "m 'N":":""- -
Nitroges, 1b/hs 4= 530
Power Requirements Module Weights
Water purification Electrolysis, 1b 27,000 29,000
plant, kwe 7 8 H2 liqguefaction, cold
Waocwiyels pleas equipment, 1 28,000 -
(a-c). kve 8 o H, liquefaction, com-
(d-c), kwe 2320 2523
Liquefaction plant, pressors, Ib 29,000 e
kwe 525 -+ Coatol, 1b 25,100 25,300
NW gencrator Ammoaia i 30,000
plase, ke P 233 Torals 109,100 84,300
Ammonia synthesis
plant, kwe -- 85 Module Dimensions
Transmission and dis- Electrolysis, ft 2x85x85 2Ux85x85
tribution losses. kwe 45 40 H, liguefaction,
" ( 95 100 cold equip., ft 24 x85x85 ..
H': ligoefaction,
Toulk:ec it 3000 3000 compeessors, ft 24 x85x85 .
Coatrol, ft WxE5x85 Wx85x85
Thermal energy o Ammesis, ft e 2 x85x85
water purification
plaat, kwt =20 420 ®Based on higher heating values of fosls.
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compressors, heat exchangerns, expansion valves and engines,
adsorbers, piping. and other standard types of proces equip-
ment. A transportable hydrogen liquefier coudd be built with
present techeology. but sech a syssem would not meet the
energy depot ceiteria. Commercial compoessors, expandess.,
and heat exchanigess would impose severe limitations on the
characteristics of the plant. It is projected that Nghtwelght,
nonhydrocarboa lubcicated double acting. reciprocating com-
pressons operating at 850-1609 ft/min and 4000 pm with an
efficiency of 7% can be used. Advanced design, noakydro-
carboo lubcicated , expanders with efficiencies of 90% would
be used. These expanders woudd be operated at half speed
during start up. Advanced concept high surface area heat
exchangers will be izcorporated in the liquefaction plant
design. Aaticipated power requirements for liquefyisg the
Nﬁmmndhﬁmmc‘lhhlbwﬂ’.

This liquid hydeogen fuel depot Is expecied 10 produce
114 b of Heuid hydrogen per hour from am electurical input
of 5000 lew plus some Sorraal enesgy recovered from the
reactor tuebine exbhaust heat. Characteristics of the liquid
hydiogen fuel production plast are givea in Table 1.

LIQUID AMMONIA FUEL PRODUCTION

FACIUTY DESCRIPTION - The ammonia production unit
{s shmilar to the liquid hydeogen unit exoept here hydrogen
Is mixed with sltsogen and coaverted to ammonia for stor-
age and handling, The ammonls energy depot occuples oaly
three modules exeluive of the nuclear powerplant. Arange-
ment of the modules s similas to that for the liquid hydre-
gen depot shown I Fig. 2 with the exception that the two
modules of the liquefaction plant are replaced by a single
module adjacent to the conwol module. Both the nitioges
generator plant and the ammoais synthests plact aze mounted
on this single module.

The peojections for the size and welght of the electro-
lysis module in this system are based upon extapolations of
the weights and sizes developed umder the liquid hydrogen
energy depot deaign. Production of smmonis from hydrogen
and air requires less bnput energy pot pound of dydrogen than
that peeded for liquefaction of this hydrogen. The produc-
tion rate for water purification and eleotrolysis plants are
correspoadingly about 8% lazger than hat for the Mquid by-
drogen plast. Because of the larger prodaction rate, the size
and welghts of the water purification and clectrolysls syvters
are larger than i the liquid hydrogen syitem.

PROCESS DESCRIPTION - The process system flow dia-
gram for the ammonia system is shown in Fig. 8. The peoc-
et flow for the prodoction of hydrogee s {deatical o that
discusted before. The electrolysis plant is designed 10 opes-
ate at 2000 psi pressure. This permits hydsogea %0 be mixed
directly with the pitrogen at this pressure = a stolchiomes:~
ric ratio pelor 1o the fisal stage of compeession required by
the amimoaia saythesls process. Design of the electrolysis
plamt for operation at the 5000 psi required by the aramonia
synthesis process was discarded as being excessively difficult
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for the resultant gains in the peocess. Operation of the elec-
trolysis process at the 2000 psi delivery pressere requises 3
m“yiwddl’.”hh/bﬂgm«

xaw-/bl&mmmdmm
at aumespheric presiwe.

NITROGEN GENERATION - Nitogen for the production
of the ammonia is provided by the liquefacticn and frac-
ticmal distillation of aix (Pig. 5). An advanced design, four
stage, 36,000 rpm, ceatrifiagal alr compressor was used in
e design. Oversizing by 50% was used for fast start up and
operation at extreme altitude coaditioas. A radial inflow
tusbine opezating at 61,000 rpm asd approximately 80% ef-
ficiency was used for the expansion cagine. Main heat ex-
changers are envisioned to be of the alumisum plate-and-
fin-type for maximum heat tramfer capacity per unit of
volume and weight. The distillation column will utilize
elther bubble -cap or sleve trays, It is estimated that aa
energy 1nput of 0.4 kv hr will be needed 10 produce 99.000%
N’. The warm start up time of the plant would be about

12 hr.

AMMONIA SYNTHESIS - Ammonia is synthesized by the
reaction of swolchlometsic mixtwe of nltrogena and hydrogen
over catalys

Ty © Ngwa -2,

This equilibriam reaction for the formation of ammenla
is favored by high pressure, Jow temperatuse, and low coa-
centration of ammonia in the feed stream. The schematic
for the synthesis cycle s shown in the lower porton of
Fig. 8. The synthesis reaction is highly exothermic. It is
exvisioned that the chemical reactor will be cooled by water
flowing theough colls in the synthesis reactor. The super-
heated stears 10 formed is passed theough a conveatiomal -
W-mmmubmamdu
heat of reaction as electrical

Anmﬂhohuyuuhﬂmhmm
catalyst. The enesgy. weight, and volume of the plast are
largely determined by the ability of the catalyst 5o effect
the synthesis reaction. Available catalysts are relatively
crude materials which, though stedied intensively, have not
been appreciably improved. Cost of the availible materials
is 50 Jow that significant development perograms have not
been commescially justified. It is projected that an ad-
vanced syathesis catalyst can be developed which is mere
active than the best current materials.

Typical proces: coaditions for coramescial low pressure
plants are 500 C and 300 atm. Under these conditions, the
seactor efflueat contains about 20% ammonia and represents
a T5% appeoach to cquilidrium. Characteristics of the ea-
ergy depot plant have been estimated on the basis of a cat-
alyst which psoduces 35% ammonia i the cffivent stream
(V7% of cquilibrium) at 400 C and at 350 atm. The flow
rate of gases recycled back o the reactor s appeoximately
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eqaal to the feed gas rate; therefore, the convenion separa-  fore, [t s estimated that an cnergy fnput of 0.12 kw he/Ib
tion circuit operates with a gas flow rate approximately dou- Nlla will be needed for the ammonda syathesis plant.

ble the feed gas rate. It is anticipated that this combina-

tion of copditions will yield a ssbstantial weight and volume The ammoada fecl depot is expected to produce 710 B
savings for the overall plant. Compressors dn the ammonia  of andydous ammicaia per hour from the 3000 kw outpus of
syathesis plant will be of the advanced type discussed be- the nuclear powerplant plu: some thermal energy recovesed
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lvomhonmmbhomuha. Characreriatics of

m:m:mwmmmvmhtﬁ

b

FUEL PRODUCTICN SYSTEM MODNICATIONS - In the
systems discutsed, aboct 80% of the electric powes is con-
sumed o e production of bydrogea. The major ineli-
ciesny la the systems is the conversion of muclear beat to

electricity, ¥ thernmal energy couM be used directly or iz~
directly in the production of hydrogen, ovesall fues predac-
preliminary

ton of a depot may be increased. Recent
sudies indicate that the se of the:mal enesgy 10 operate
elecirolysis cells at elevated tempe:atures may reduce the

clectrolysis cell voltige by about a third. Fessibility seudies
on the dzal pH concept have indicated that the tse of ther-

mally regencrated acid and base 1 maintain 2 difference

in pH at the electeclysis cell elecucdes will Jower the eloc-

trolysis cell voliage by about & half.
Electrochemical techniques of prepatation of mitrogsn

fioxa alr way lower the power requirements for altrogen pro-

dection by half,

Improvements in techoology and now processes may
greatly eahance the fuel yrocection yiedds over thowe pro-
jected in e conceprual design sudy. The emergy depot
concept does Lot depend upon the developmea: of these
techniques but they will greatly ald the program.

LIQUIC-HYDROGEN AND AMMONIA STORAGE
AND DISTRIBUTION UNITS

The storage and diswibution ugits for liquid hydrogen con-
sist of ¢ Large storage vessel mounted on an 8 top GOER, and

3 smaller vetsel mounted on the wser velicle.

The GOGR is expected 1o carmy abour 3200 gal of diquid
bmmavmwwammupw.
mmumlmwdumuww&n@
a0 famlated tramfer hose theough quick-disconpect valves.
During filliag. any vaporized hydrogen ir retemed 1o the
depot for reliqueiaction. Discharge of the liquid hydroges

% the wer vehicie It effectod by vaporizing & small smoust

of bydrogen fn a pressace-raising eoll (extemal 1adiator)
and rezwening i to the storage vessel. This radscs the (n-

wmlvwmmmnwmwm

assfer systera.
Becawme liquid hydrogen can only be srored under cryo-
genic temperatute and because there will be heat

o the fucl, these will be some unavoidable loss of fucl da-

ing sierage and distribution. During normal cooditions, no
hmhdqmmapcumunmdby-
drcgen vaporized by heat leakage will be 50 small thas it

will aot be veated. However, the wansfer of bydrogen from

Mpmywmmvmmumm
of e transfer bose, valves, and piping. This resuls in

vapozization of the first daquid hipdeogen contacting the wasm

earfaces and as this gas must be vented 10 make room for

the incoming hydrogea liquid, there i a loss. Efficiency of

the fwel wransfer is expected 1o bo about 95%,
The ammonis woeage and dstridetion erits consiz of

originally published November 1964

& lasge reinforced plastic ammoria storage vessed m
on am § toa GOER, and a wmaller vesel mounted on
vebicle. Both vesels store the Mquid ammonta unde
sure at ambient temperature. A small pump is provi
move the liquid ammonis from the primary vessel &
uses vehicle trough a flexible base. The vesels are
vened except during emergency conditions, Becaux
unnecesary 1 vent gas in aay of the filling or tansl
ations, the effiziency of ammoaia wansfer is expocte
hoarly 100%. The system also has the advantage that
amimonia may be woced indefinitzly ip the presarize
without loss. The characteristics of fuel storage 234 ¢
butior undes are givea (n Table 2.

ENERGY DEPOT FUEL UTILIZATION

Aa lategral past of the cnegy depot coacept is the
%atioa of suergy depot fuels. The efficieacy of fuel
MﬁnanmmMdemqya
reeded 10 support particular uakis. ideally. the mont &
cient powerplanss should be used.

Hydrogen aad amemonis have been wsed o power (1
combustion cagiscs (710}, Howeves, present vebicle;
crplants would require modificaion 1o gse these fuels.
&d'ﬂmdlhbquwofpm

Eydogen and the hydeogen carries, ammonta, are i
fuels for foel cells 200 high fuel efficicacies caa de o
tained. Theoretically, electrical power equivalen: © o
free encegy of the fuel oxidation reaction cae be produc
{a the fuel cell. Fuel cells are not camot cycle limized
Practical facton such s electmode polsrization isternal
mumu-,pwuammm-mm
The modulasr natuce of fuel cell systems allows the vehis
designer great fexibility. High fue) efficiency, sileat of

Table 2 = Characteristics of the Foel Storage

423 Distribution Uni:
Liquid Liquic
Chazactesistic Hydogen Ammond
Tramfer efficiency, % 93 100
Capaciry of 8-top GOER,
gat 2200 2900
Depot production Mo
0 fill, he 17 21
Storage temperatare of
uid, = -423 -850
Storage pressxre Mnormal)
of Nluid, psia 149 152
Method of delivery from
GCER PR coll pe)
Retied of delivery from
wser vehicle tank electric beater petp
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ation, and design flexibility are obtainable with fuel cell
powerplants and polat toward a greater usage of fuel cells
in fetuee vehicles, and are a prime application in the energy
depot systems.,

Fature fuel cell powered military vehicle must be entirely
new power trala. Preseat designs will probadly sot be retro-
fitted. However, in order 1o establish the feasibility of the
applicaticn of fuel cell power w mibitary vehicles, an ar-
mered personnel carrier (APC) based upon the M113 was
selected for study. Two fuel cell powered vehicle drive sys-
temms weee investigated for this velicle: hydrogen/air asd
dissoclated ammonia /alr.® For comparkson, the wse of hy-
drogen, ammoaia, and gasoline in the APC was also isvesti-
gated.

FUEL CELL ASSEMBLIES

The fuel cell assemblies stodled wese hydsogea/aks
and dissoclated ammonia/air. The hydrogen/air fuel cell
amembly was the cemterline design. All of the fuel cell
systems comsume hydroger as the fuel and oxygen from air
as the oxidant. Direct use of ammoaia as a fuel ia Jow tem-
perature cells has not presemtly proved successful, and it
must be dissociated into hydrogen and nitrogen for use. In
the cases where the fuel and oxidant conzaln itrogen, the
nitrogen remains inactive and serves oaly to dilate the con-
sumable gas. As & reselt, the projected performasce of the
hydrogen /alr and the dissociated ammonia fuel cell are
lower than bydrogen /oxygen systems.

Hydrogen consuming foel cells can be clamsificd as salid
electrolyte, liquid elecuolyte, or capillary-held electrolyte
type. This study deals with the eapillary membrane fuel
cell loog under developieat at Allis-Chalmess. Tests and
analysis have proved that this type of fuel cell is feasible
asd well suited 10 wse in 2 military vehicle. This fuel cell
Is an clectrochemical converter that produces electrical ex-
eigy. product water, and heat from & costinuous supply of
hydrogen and oxygen (air). The basic system has beea de-
scribed in detail in other seports (11-13)

HYDROGEN-AIR FUEL CELL ASSEMBLY - Early in the
stsdy it was necessary to designate a power outpus for the
hydoges fair fuel cell amembly which would approximately
satisfy the power requirements for the velicle drive uait oo
the APC. This was necesiary to determine the weights, sizes
asd other charactezistics of the fuel cell asembly and it
components. A gross power output of 169 kw in continuous
sorvice was selected as the total powes output of the fuel
asernbly. The awxiliaries for the fuel cell asembly require
12 kw of power. This assembly can prodoce 180 kw (net)
in a 15 minute ovesload condition.

Hydrogen/air fuel cell assembly desigm were projected
to be achievable in the late 1960 on the basis of perform-
ance characteristics available in 1963. Acrual asemblies

*The hydrogen/oxygen system for vehicles was analyzed
and found to be very similar to the hydsogen/air system,

originally published November 1964

developed may differ from those profected, but it is expected
that with reamonablo research and developrsent, the size,
weight, and performance goals are attainsble. Pig. 9 thows
the predicted performance related to results of tests per-
formed oo a feel cell module built in an Allis-Chalmess
developmest peogram. The peediction was alio guided by
results of research and development ca
amemblies for serospace applicatica.

A primary consideration in designing a velicle powe:
assembly is its weight. In applying fuel cells w a vehicle

it is possible to project an operating design point 0 that the
fuel cell assermbly will be very efficient; that ls, operate at

low current dessity (mp/ﬁ’)auummmnp
(see Fig. 9). The wotal electrode area for the cells is lasge
and their weiglt is great. The amount of feel consumed for
a givea mission would thea be small. If the design polnt is
chosen at a very high cusmrent deasity, then the voltage out-
put of cach cell s reduced, ard the number of cells must
be increased 1 oblakn the desired ourput woltage. The
weight of 2 module for a given power level docreases up w0
the point where the incseased welght, reslting from the
number of celis required. overcomes the welght saving
because of the reduction in plate area, However, this occurs

uawyl’w/ﬁ’o’«mm{um projected
pesformance curves. As this operatisg point increases for 3
glven performance curve, efficiency falls. Consequently,
the fuel comumption rate, and the water and heat 10 be
removed all increase. Thete effects result in a system
growth, requiring more fuel and larger capacity auxiliaries.
If the performance cwve, re-sequired power level, and mis~
sioa thme are known, it s possible to find a poiat of mini-
mum asembly weight. Thus, the selection of the amp/

u’cmmmamduuuum-
matical analyss with a ksowledge and understanding of the
natuse of focl cell development projecied to the late 1960%.

Witk all these factos & mind, mauppouolmmp/hz
at 0.825 v was selected tor continvous dutyof the hydrogen/

d = =
: T =1_1
= S
g i &
:T /'/'-— - -
I .
. & da _'q-d o e . -

Fig. 9 - Projected performance curves for hydrogen/alr fuel
cells
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#lr fuel cell. A 15 miswte overload polmt of uomp/n’ Bected thooagh 4 common mazifold w e condeascr. Pres-

a1 0.758 was used,

sme withia s comdenser s automatically maintained by

m_ﬂ%- Artangemeat of the feel cell process  the vacoum faa: thes, the migraticn of moisure stops at 2
equipment i In Fig. 30. The fuel colls are amanged

particular concentration of electolyte when the correspond -

s modales comslsting of 91 cells sach. Stxcen modubes I8g vapor posssass matches he pressuie malstained i S
make up the vehicle drive wait and are conaected by com:-  condemser. Condemsed motstuse is retumed 1 the aly puri-
mee manifolds 1o the coolisg circult, the hydrogen and oxi-  fier 10 demidify the incoming air. An alr purifier coadi~
dant supplies. and the moisture removal condenser.
About 70% of the water Is semoved teough the static Me, and Se ke, and humidifylng of alr o & vapor pressure
molsture contral system on e hydrogen side of the cell. Comespamiag o mialmum destred vapor peessure (n B foel
The remaining 30% of the molstare s removed with the ex-  cells,
hawst air. Molsture removal cavities of all cells are con- The fosl cell modules ase maintained at a constant tem -

thons the air eatering the cells removing dust, carbon diox-
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Fig. 10 - Mydsoges/alr feel cell vehicle drive wmit
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petature of 180 F. Heat is dissipated both through moisture
remaval from the cells and through a cooling circwit. An

clectrically monconductive, cooling liquid is clroulated

through the electzode holders in each fuel cell and the hot
liguid & routed through a comumon header 10 the coolant

radiator. The cooled liquid then goes to the samp tank and
a clrculating pump forces it trosgh the motstare removal
coadenses and into the fuel cell modules 10 make a com-

plete circuit,

The fuel cells are arranged in modules of 91 cells w0 give
a module voltage of 75 v a1 the conticnous load design
polat. Electrode area was selected to prodece 10 kw of
power per module. Current though cach module s there-
fore 133 amp. Under overload conditions each module peo-
duces 178 amp at 69 v (12.3 kv).

The modules are arranged ia four groups of four modules
each. Each group of modules is coanecied in series 10 pro-
duce 300 v. The groups of module: are amanged 0 that
modules 1-4 are in parallel with modules 5-8; modules 9-
12 are parallel with modules 13-16. Swirtches caable those
two parallel groups o provide an output voltage of 600 v
and 200 amp whes in segics, or 300 v and 532 amp whea in
parallel.

The major design and operating characteristics for the
hydrogen/air fuel cell asserably are summarized in Tables
3 and 4.

DISSOCIATED AMMONIA/AIR FUEL CELL ASSEMBLY -
A gross power output of 160 kw iz continwous service was
selected as the total power cutput of the fuel cells for the
dissociated smmoaia foel cell assembly stody. This fuel
cell asembly has a net power outpat of 147 kv in contimu-
ous seevice and 179 kw (oet) in the 15 misute ovezioad con-
dition. The fuel cell assembly stodied is 4% more powerful
than required by the APC.

The dimociated ammonis fuel cell asembdly differs from
the hydrogen/atr asembly in two major respects. The hy-
drogen fuel is diluted with mitrogen and 3 modification of
the molsture removal proces is required.

Table 3 - Hydrogen/ Air Fuel Cell Assembly,

Major Design

Stze and Welght
Module weight, b 101
Module volume, fi° 0.827

Number of modules 16
Assembly weight, b® 3160

Asembly volume, e 45.9

*Inciudes 16 modules plus auxillary equipment consis-
ing of radiator, filter, 2ir compressor, condemier, vacuum

fan, circulating pump, water pamp, plumbing and ducting
ceatrols, fuids, and xir pusifics.
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The dissociated ammonia-air cell is not expected to
teach the performance of the hydeogen /air cell becanse of
the effect of aitrogen dikution ca the hydrogen cloctrode.

The curve in Fig. 11 shows the performance estimated
for this fuel cell peojected w late 1960°s. This projection
assumes considerable developmesnt on both the fuel cell and
the ammonia dissociator to minimize the amount of and
effects of nondisociated ammonia. Rated cument deasity

was selected at!ﬁmplfteuo.Sﬁvpuch Overload
was selected at 300 mxplf(2 at 0.758 ¥ per cell.

AMMONIA DISSOCIATOR

Az arumonia dissociatos was conceptislly designed w0
produce uwp 10 20 I of usable hydeogen per hour for the fuel

Table 4 - Hydsogen-Air Fuel-Cell Asembly

Operating Characteristics
Continuess 15 mia
Duty Overload

Gross powes, kw 160 196
Auxiliary power, kw® 12 16
Net power, kw 148 180
Ascmbly voltage (paraliel), v 300 276
Astembly voltage (series), v 600 552
Asiembly amperage

(paraliel), amp 532 712
Assembly amperage

(series), amp 266 336
Module power, kw 10.0 123
Medule voltage, v s 69
Module ampesage, amp 133 178
Cell power, kw 0.110 0.135
Cell woltage, v 0.825 0.758
Cell amperage, amp 2 133 178
Cell current deasity. amp/ft 0 400
Opesating temperature, ¥ 180 .=
Assembly welght /net power

ratio lbl%v 214 11.6
Asembly volume /net power

ratio f£/kw 0.310  0.255
Fuel comsumpticn, 1b !Vm

kwhe 0.108 0.118
Fuel consumpticn. 1b H’Ilt 16.0 213
Purified air requirements,

16 adr/hs 790 1060
Alr purification chemicals

b /hr 2.1 3.6

*Includes power for compressor, cooling fan, vacuem
fas, circslating pump, water pump, and electrical control.
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cell amembly. For this case, the ammonia dissociasor peo-
duces 26.5 1b /M of hydsogen in the form of 3:1 hydrogen-
nivoges mixtare. This mixture is produced by catalytic
thermal disociation of ammogds at 1700 F and 50 pulg pees-
suie. Bquipmest required was ostimated 10 weigh abowt 1025

lb-uooonpyabwtmsh’. A schematic sepresentation
of the unit appears in Fig. 12,

e

g
N

N

cmrinr cesars, manet
Fig. 13 - Projected parformance curves for dissociated am-
monia/aisr fuel cells
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Theosetically, 113.3 /b of dissociated ameocia &
necessary 1o supply the fuel cell with 20 B /br of hydiogen.
To make the process self-smtaining. abost 6.5 b /br of by-
dsogen are bamed i e reactor 10 supply e enengy for the
dissoclation proces. Incloded i this figese are possidle 2~
diation, diffesion losses, and 30 on. Thesefove, 3 total of
150.1 Ib/b of ammonis &s supplied to the reactor

A palladium /silve: foul hydsogen Ciffaser med aftar Be
dimociator could spply pure hydrogen 0 the foel cells. This
would allow the projection of hydroges/alr feel celt sys-
tem. The palladium /stiver diffuses was disaliowed because
of its volume and bocause it roquires the dissociatoe w0 be
operated at kigh pecisares.

PROCESS BQUIPMENT - Amasgement of e fuel cell
proces equipment is shown 18 Fig. 13. The amanmgement
similar to that for the hydrogen/air foel cell asembly with
respect o the temperatuse coatrol equsparest and the mpply
of purified alr 0 the cxyges electiods. The foel mpply
cquiprezt differs wn that 3 hydrogen /mitoges momme from
dissoolated smmaonia is fed 10 the fuel cell hydrogen elec -
todes. About 75% of the hydrogen in s mixture b wed
by the fuel coll 10 produce electrical powes. The remais-
ing hydrogen is dumed 10 provide the heat for the dimoci-
ator.

Eloctrical armasgement: for he dimociased ammonta/als

ney 1500 F o
oshoust I oF
e 1RO T
1700 F
cancentric
e
preheater reachor
No. | Ne.2
el Ng-¥a ] 1700 ¢
760 F
N=i,
nixdure X0 F
-amer
condeeae
ISEINNEIRERN]
wr
300 F 10F —J
Fireved oir cool homidifier fuel cells
TTTITTITITTITTY aesl
obr I "20

Fig. 12 - Ammenia dissocliator process Mow diagram
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Table § - Disoclated Ammonia Fuel -Cell Asembly,

Major Desiga
uuuiw*
Number of cells por module "
Module weight, i 1
Module volume, h’ 1.09
Number of modules 16
Assembly weight, Ib® 4300

Asiembly volume, ﬁ" “a
®Incledes 16 modules plus auxiliary equipmeat consist-
ing of radiator, filser, alr compeessor, condenses, vacuum

fan, clrculatiag pump, water pump, plumbing and ducting,
coatrols, fwids, aly purifier, and ammonia dissociator.

Table ¢ - Disociated Ammonia Puel-Cell Asembly,

Opeatisg Charactenstics
Contiovous 15 min
Dusty Overload

Gross power, kw 160 196
Auxiliary power, kw® 13 1y
Net power, kw 147 17
Asserzbly voltage (pasallel), v 300 me
Amscmnbly voliage (series), v 600 852
Assemnbly amperage (parallel),

amp Sx T2
Assermbly ampezage (series),

amp 206 3
Module powes, kw 10.0 12.3
Module voltage, v % €9
Module amperage, amp 12 17e
Cell power, kw 0.110 0.138
Cell voltage, v 0.828 0.758
Cell amperage., amp 133 178
Cell cumeat deasity, anplﬁ 225 300
Opecrating temperaware, F 180 -
Asncrbly weight /neot power

ratio b/ kw a1 2.8
Assernbly volume /uet power

ratio /1t kw 04%  o.3s8
Fuel consumption, b Nl-l;/ut

kvl 0.81¢ 0.894
Fuel cossumpcion, Ib NH’IN 120 160
Purified air requirements, 1d

ais /b K 1080
Alr purification chemicals

1b/he 2. 36

®Includes power for compresor, cooling fan, vaceum
fas, circulating pusnp, water pump, and electrical coatzol.
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Oudy disadvastagesof the d-¢ drive amembly are that the
motor i slightly bager sod beavier than its a-¢ counter-
part, and the 4-¢ motor requises & COMMULALOS.

The dorign analyris Indicated that 4 dagle thant wound
d-c mosor was sttable for the drive of the APC based on
MI113, At low speeds sp © 9 mph, the low voltage Mghour-
vent parallel clocult cutpet of e fuel cells s applied to the
armature of e duet wosnd motor. This provides high
torque to the motor elimisstiag the aced for mechanical
shifting. At bigher speads, Be fucl cells are switched to the
scrics clrcult placing high voltage, low custent oarce oa
the armature. Fine costrol in cach range is provided by
varyiag the field cameat which s excited from a coastaat
voltage control.

VEHICLE ANALYSES

A mathemancal vebicle asalyss was developed © pro-
vide a means of quickly estimacing the welght, size, and
power roquiremnests for the APC fucl cell powered vehicle
without preparing 2 detalled drafuing layout of each vehicle
drive umit. This asalysls is basically a weight, volume,
power calclation which applies egzal averaging o all ve-
hicle composeats. Detailed asalysis would probadly asrive
at a lowes order of chasge.

The analysis comsidesed:

1. The presest homepower © differennial.

2. Size and weight of preseat powerplant and fuel mpply.

3. Weighe of velicle per present dimensions.

4. The comeponding valses for the new vebicles,

This analysis is gives ia dewil ia the concepoual design
report (5).

FUEL CELL-ELECTRIC MOTOR DRIVE UNITS - Weight-
10-homecpowe: and volume- 2o -hossepower ratios for the three
fuel cell-velicle drive amemblies ire summarized in Table
7. 12 all cases, bossepower refen to the bomepower deliv-
ered 10 the weering differeacial of the APC with the veliicle
drive unlts operating at thelr 15 minute overload ratiag.

Table 7 - Weight-To-Homepowe: and Volume-To-
Homscpower Ratios For the APC Powered By 2
Fuel-Cell Drive Unit
Dissociated -
Hydrogen/Aizs  Ammoaia/Als
Foel-Cell Drive Fuel-Cell Drive

3
Composest BNy £/ B/ K/
Foel cell amesbly 64 0259 250 0.364
Blectric drive
asscrmbly 112 0069 113 0069
Vehiche fuc! =it 15 0314 45 0.163
Tozals 21 0642 407 0.5%
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Fuel cell amemblies contain all auxiliaries inclading the
air purifier and ammonia dissoclater where applicadle.
Values for the foel cell asemblies assume that the electric
drive amembly is 89% efficient. A 10% incrcase in the
welght-to-horsepower ratio for mounting the fuel cell com-
ponents, and a 20% incresse ia the volume-to-homepower
ratio were included as a packaging factor. The elecuic
drive asembly includes the motor, cooling equipment, and
controls.

Fuel rates for the respective fuel cell amsemblies were
determined by wing the 15 minute overload rating adjusted
W include the Josses 10 the electric drive assembly. A 5.38
hr operating duration at full power was used to caloulate the
capacity of the fuel tank. The weights and volumes of the
fuel containers were estimared from curves given in APCI-

Table 8 - Charactesistics of APC Povered By a
Fuel-Cell Drive Assembly

Fuel-Cell Powered
~ Carriers
tion
Model Dissoci-
M113  Hydro- ated Am-

Characteristics Gawoline le monia/ Als

Combat weight to howe -
power ratio, Ib/ip
Range (full power dura-
tioa), br

Homepower to differ-
eatial, hp

Vehicle combart weight,
b

Feel, 1b

Fuel, gal

Fuel container and
supply undt, B

Fuel container and

supply umit, fta 1 57
Powerplaat, 1b 1810 5020

Povuphn!.fta 50 60
Inczease in hull weighs,

1Y -
Inczease in bull

volume, ﬂ’ .- 56 60
Vekicle beight, in. 12 79 80
Vehicle width, in. 106 106
Vebhicle leagth, in. 192 192
Fuel rate, full power

b/ b
Alr cleaning chemi-

cals, Ib .-

146 146 140

5.38 5.38 5.38

157 182 203
26,600 20600
09 828

167 165
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541101 with allowance for ullage, fill, and interconnecting
lines, auxiliaries, and 2 factor (14).

Values givea in Table 7 were then used to caleulate the
chasacteristics of the respective armored persoanel carriers
assuming that these values remaia constant oves the range
of power needed. The performance of these vebicles should
be equal w the production M113. Since the components are
designed at spproximately the power required, this is con-
sidered a valid assumption. The result of the analysis is
given in Table 8.

INTERNAL COMBUSTION ENGINE DRIVE UNITS - It is
apparent that the chaage in fuel from petroleum 1 either
liquid hydrogen or ammonia will also influence the design
(or performance) of the APC when these foels are consumed
in aa isternal combustion engine. A brief analysis was made
ca the same basis & for the fueld cell powered velicle.

Table 9 presents the weight-to-hossepowes and volume-
to-horopower ratios for the internal combustion engine drive
unit fueled by hydrogen or ammonia. In both cases the fuel
efficiency of the engine was arbitrarily considered equal 1
that of the gasoline cagine. The cagine and its saxiliaries
were abitrarily assumsed to be 10% heavier and larger than
the gasoline engine. The results of this analysis for equal
rapge vebicles are presented in Table 10. This table shows
that the wse of either liquid hydrogen or ammonia in the
APC wiil require either a larger and heavier vehicle, or a
compromise in the vehicle's range. In particular, the large
liquid hydrogen tanks result in the langest vedicle studied;
the woof is raised 11 in. and the hull is lengthened § in. In
the case of the ammenia fucled internal combustion engine,
the roof must be raised § in. to provide for the increased
volume of the fuel. This vehicle is fimilar to the three foel
cecll powered vehicles in outside appearance.

The fuel rates for the internal combustion engine pow-
ered vehicles are considerably greater than for the fuel cell
powezed vehicles. This is particularly tue for the Mydrogen
fueled vehicles, 33.0 Ib/hr versus 18.3 Ib /b, respectively.
In the ammonta foeled vehicles, the fuel consumption
rates are 154 Ib/he for the fuel cell powered vehicle vers
sas 200 1b/he for the intemal combustion eagine powered
vehicle,

Table 9 - Summary of Weight-To-Horsepower and
Volume-To-Homsepower Ratios for the APC
Powered By aa Intemal Combustion Exgine

Gasoline Hydrogea Ammoaia

Whe f7hp B/br R 7By

Componeat 1b/he ft/bp

Engine and
auxiliarles 116 0.319 128 0351 128 0.351
Foel Ualt 83 0069 29 0607 7.3 0.254

Total 14.9 03828 157 0958 201 0.615
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Fuel cell amemblies contain all auxiliaries inclading the
air purifier and ammonia dissoclater where applicadle.
Values for the foel cell asemblies assume that the electric
drive amembly is 89% efficient. A 10% incrcase in the
welght-to-horsepower ratio for mounting the fuel cell com-
ponents, and a 20% incresse ia the volume-to-homepower
ratio were included as a packaging factor. The elecuic
drive asembly includes the motor, cooling equipment, and
controls.

Fuel rates for the respective fuel cell amsemblies were
determined by wing the 15 minute overload rating adjusted
W include the Josses 10 the electric drive assembly. A 5.38
hr operating duration at full power was used to caloulate the
capacity of the fuel tank. The weights and volumes of the
fuel containers were estimared from curves given in APCI-
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541101 with allowance for ullage, fill, and interconnecting
lines, auxiliaries, and 2 factor (14).

Values givea in Table 7 were then used to caleulate the
chasacteristics of the respective armored persoanel carriers
assuming that these values remaia constant oves the range
of power needed. The performance of these vebicles should
be equal w the production M113. Since the components are
designed at spproximately the power required, this is con-
sidered a valid assumption. The result of the analysis is
given in Table 8.

INTERNAL COMBUSTION ENGINE DRIVE UNITS - It is
apparent that the chaage in fuel from petroleum 1 either
liquid hydrogen or ammonia will also influence the design
(or performance) of the APC when these foels are consumed
in aa isternal combustion engine. A brief analysis was made
ca the same basis & for the fueld cell powered velicle.

Table 9 presents the weight-to-hossepowes and volume-
to-horopower ratios for the internal combustion engine drive
unit fueled by hydrogen or ammonia. In both cases the fuel
efficiency of the engine was arbitrarily considered equal 1
that of the gasoline cagine. The cagine and its saxiliaries
were abitrarily assumsed to be 10% heavier and larger than
the gasoline engine. The results of this analysis for equal
rapge vebicles are presented in Table 10. This table shows
that the wse of either liquid hydrogen or ammonia in the
APC wiil require either a larger and heavier vehicle, or a
compromise in the vehicle's range. In particular, the large
liquid hydrogen tanks result in the langest vedicle studied;
the woof is raised 11 in. and the hull is lengthened § in. In
the case of the ammenia fucled internal combustion engine,
the roof must be raised § in. to provide for the increased
volume of the fuel. This vehicle is fimilar to the three foel
cecll powered vehicles in outside appearance.

The fuel rates for the internal combustion engine pow-
ered vehicles are considerably greater than for the fuel cell
powezed vehicles. This is particularly tue for the Mydrogen
fueled vehicles, 33.0 Ib/hr versus 18.3 Ib /b, respectively.
In the ammonta foeled vehicles, the fuel consumption
rates are 154 Ib/he for the fuel cell powered vehicle vers
sas 200 1b/he for the intemal combustion eagine powered
vehicle,

Table 9 - Summary of Weight-To-Horsepower and
Volume-To-Homsepower Ratios for the APC
Powered By aa Intemal Combustion Exgine

Gasoline Hydrogea Ammoaia

Whe f7hp B/br R 7By

Componeat 1b/he ft/bp

Engine and
auxiliarles 116 0.319 128 0351 128 0.351
Foel Ualt 83 0069 29 0607 7.3 0.254

Total 14.9 03828 157 0958 201 0.615
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Ammonia as an Engine Fuel

Walter Cornelius,
L. William Huellmantel, and Harry R. Mitchell

Research Laboratories,

THIS EVALUATION OF AMMONIA a5 an ergine fuel was
performed by the General Motors Research Laboratories in
sapport of the encrgy depot concept profosed by the Allisce
Div. of the Gepezal Motoes Corp. (1)* The objective of the
energy depot concept is to free the Armed Foeces froe re~
llance oo hydrocarbon facls. One method is the production
of a fuel from water and air. Of the potentisl fuele whick
might be produced, aniydrows amimonia ()ms) was coa*

sidered 1o offer the mox advantages. The energy raquired
to syathesize this foel would be provided by a mobile nu-
clear reactos. The Genesal Motors Research Laboratories
undertook the task of evaluaring anbydrous ammonia as a
fuel for spars-ignited recliprocating englocs.

The chemical equation below describes the combasgtion
of a stolchiometric mixture of ammoniz and alr;

2m3 * 1.5(02 * 3. Nt)—-vs uzo * 6654 N2

Table 1 45 a tadalat’on of those propearties of ammonia
and 2 typical commercial gasolipe that have an effect on
combustion.

As sthown, the heating valoe of gasoline is 2.4 times that
of ammonia, However, the stoichjometzic sir-fuel ratio for

*Numbess in parencheses designate References at end of
paper.

General Motors Corp.

Table | - Comparison of Properties of Anbydwous

Ammonia asd Gasoline
Typical
Ammmoaia Gasoline
Chemical formmula l~ll~l3 cux
Density, 1>/gal 51 6.1
BoRling point (1 atm), F -28 3
Freezing poiat, F -108 -6
Vapor pregsure (70 F), psia 1288 a
Heat of vapeeization (70 F),
Ba/1b 506.6 116
Hear of comduxice (Lower heat
value -~ gaseous), Buu/lb 8000 18,900
Swichiomerzic air-fuel mtio 6.08 14.5
Soichiometsic heat release
(weight), Baa/1b ale 1320 1285
Seoichlometric beat rcleise
(Vol). lu/ks mixure 7.3 .5
Octape rxing == Ressarch
Method (Mim) >1n n

# Valoes not comparative with other data.

ABSTRACT

Studies were conducted widng spark - igaired reciprocating
engines 10 evaluite ammonka as an altemate fuel for cer-
tain military applications. Coaventional engises wese fosad
to petform pootly oo ammonia. Sevesal practical methods
for improviag engine performance while buring ammoaia
are described which include increased spark energy. increased
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compression ratio, eagine supercharging. and bydrogen ad-
dition to the frel. Disoclation of ammoeia was iavesi-
gated as a peactical means for supplying bydrogen to an en-
gine. The soudy indicares thar satisfactory engine perform =
ance can be oteained while buming ammenia. Auxiliary
equipment and costrols pecetsary for vehicular ase will re-

quire development.
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ammonia 13 6.06:1 & compared to a much leasor ratio of
about 14.5:1 for gasoline. Based oo oqual volumes of stol-
chiometric alr-fuel mixoares, the beat costent of the am-
monia-air mixture it about 30% of that of the gasoline-alr
mixture, Therefoce. since a reciprocating engine 1s cssea-
tially a positive displacement device, the power prodaced
with as ammonia-alr mixtore vould ot be expocted to ex+
ceed about 50% of that produced with a mixuwe of gasoline
and aie. f the engine were sormally aspirated in both cases.
The high octane rating of ammoaia is another importank fac-
toe that must be taken nto sccount when comparing por-
formance: of ammonia and gasoline in an engine. Thisper-
mits higher compression ratios and sapercharging to be wed,
which improve performance. Also. the beat of vaporizazton
of ammoaia is 4.4 times that of gasoling, and the engine
consames 2.4 times a8 much foel by weight fee oqual power
outputs because the hoat of combution of ammonda & lower.
Therefore, ammoais fuel requires 10.3 times as much heat
for vaporization as gasoline. This polats o the nead for a
vaporizer when using gaseoss amimonis as an engine fuel.

The we of arsmonia & 3 fuel for kstemal combustion
engines has been investigated i Burope. However, very
limited information s available describing eagine perform-
ance. The first peactical use of ammonia as & fuel o 2
Hmited scale is believed 1o have been pesformed by Am-
monia Casale Limited In 1835 (2). A secoed and more ex~
tensive agplication, the Gazamo Process, was tricd on ve-
hicles in Belgiam dering 1342 (3). In the Gazameo Process,
the engine was suppiied with a mixtuse of ammosia vapor
and coal gas. Hydroges that was prasoek In the coal gaswas
used 1o promote the igzition of ammonia. Flow megslation
and proportioning of the ammeaia vapor and the coal gas
were accomplished masually by the operator of the vekicle
This particular program was undestaken tecamse of 2 shor-
age of petrolewm fuel created by World War 11 and waszserm-
izated when this fuel shortage was relieved.

The experimental program undertaken at the Geseral
Motors Research Laboeatories was 1o determine the feasibil-

Fig. 1 = Test cell (nsallation of siagle~
cylinder engine aad ammonia fuel supply
fystem
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ity of buming ammwals in a spack-igaited reciprocatingen-
gine. The major objectives were:

1. To evaluate the effects of various engine design aad
opeationd| parameters on engine performance while bum-~
i0g ammonia.

2. To determine what minimem modifications to s con-
ventional exgine are required o provide cagine performance
oa ammonis equivalent to that developed while using com-
mercial gasoline.

1pstial lnvemigations were conducied oo a single- oylinder
test engioe. These engine studies were of 2 hasic aature and
fulfilled the fint major objective of e fuel evaluation pro-
gram. 12 view of the encouraging resalts oltained on the
single-cylinder engine. a conventiomal mmiticylinder axto-
motive engine vas procured asd performuance cvalusticns of
the engine wore bogun. Only preliminary tests bave beea
performed co the multicylinder eagime. As a resmlt, most
of the experimental findings discussed in this psper are based
ca single-cylinder engine tests.

TEST BQUIPMENT AND PROCEDURE

Single-Cylisder Engine Inmallation - Fig. 1 shows the
test cell ko of the single-cylinder cogine. This
overhead-valve engine has a dsplacement of 2T cu in. a
bore of 3.375 in.. a stroke of 3.033 ia, and 2 nomisal com*
peenion ratio of 9.4:1. The ignition system csed iniially
was similar to conventional producticn equipment med on
2 6 cyl automeeive engine, with one excey : the standasd
kigh resigance carbon igmition cable was replaced with a
conventional high tension cable. A sandard AC spark plug
of heat range type 44 was used. A foel-air mixing chamber
was subetirured for the carbureror when ammonis was bumed.

it wauved adeguate mixing of the gaseows ammenis and ke
A positive craskcase vantilation system was inalledtosafe-
guard agaiam the possibility of a crankcase explosion. En-
gine airflow was measured by means of critical flow ori-
fices; fael flow waimeasured with 3 varisble 1res flow meter.

33



ENERGY DEPOT CONCEPT PAPER: SAE SP-263 -

Comprossed alr from the alr supply system of the test
Sullding was used when sipercharging of the single-cylinder
cogine was investigated. The compremed alr was flowed
theough electrical beating eloments 10 simulate the rise in
Alr temperature that would be inourmed if an actual super
changer had beewn wad.

Multicylinder Fagioe Lostaliation - The test engine wed
wWai a 215 cu ia. V-8 engine eguipped with & turbosuper-
charger, Flg. 2 shows the engine installed cn the tost stand
and equipped for operation on ammonis fuel
feum engioe with a sominal compeession ratio of 10.254,

The turboupercharger is powered by engine exhaust gas.
The supechasge presure Was limited 80 18 In. Mg page.

The carburetor, which s noemally sousted on the oo~
peessor mlet flange. was emoved and replaced by an am-~
monia-air mixing chamber. The ammonia and alr flows
were each mamally controlled and pooportioned. As in the
case of the single-cylinder engine isstallation. the Mows
weee measurod sepazately and the alr aad foel were then in-

It is an slum~

originally published November 1964

n

uvoduced Into e mixing chamber prior to admittance o
the engine

The sandard engine (gaition systers was employed dar-
ing preliminary engine tests. Igniticn components similar
to those wed ca the single -cylinder test eagine wore them
wubat lluted.

Fuel Symesss * Casoous ammesia was injwoted Lase the
cngTuc induction systems of both tem engines. The fuelays
tems provided w accompl il this were similar 1o principle
for 1he two engines but the syssem for the multicylinder en-
gine was more complex. The fuel system for the single~
cylinde: engive was (nstalled in De eagine text cell and is
hown In Fig. 1. Meat had 1o be peovided 1o vaporise e
ammonia {s the multicylinder engine ryem. whesess wf~
ficiem heat was trazacnined thoough the walls of the tomge
vessels ko the single-cylindes cngine sysem 1O Cause vapor-
ization

Fig. 3 s 3 schematic of the ammonia foel mpply sysem
for the multicylindor engine. Fig. 4 shows the foel worage

Fig. 2 - Test cell inallation of mxiticylinder
engine peopared for operation on amencaia fuel
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potion of the sysem that was located extesaal o the co-
gine test cell. Liquid ammonia was stoved in six tanks cach
contafeing 150 Ib of ammoais when full. During engine op-
entice, the saturation peosmre of ammonia (approximately
120 psig at room temperatere) forced liquid ammonia imo
the heat exchasger where the ammoaia was vaporized. Hot
water was uiod to provide the heat requimed to vaporize the
ammonia. The level of the liquld ammonia in the heat ex-
changer was controiled with a float switch which governed
the operation of a solenoid valve located ia the foel line
betwoen the taske and the heat exchanger. The flow of bot
water through the Beat exchanger was coatrolled ausomat-
fcally. Froen the beat exchanger. the gaseous ammonis
flowed through two presssre rogulaton, 1o redace Its presiae,
and teough twe varfable area flow meters and mamsally
controlled throetling valves. The gaseous ammoaia wasthen
admizted into the ammoala-alr mixing chamber theough
four mozzles.

The addition of hydeogen 1o the ammonia was [nvesti-
gated coly on the single-cylinder cagine. For this lnvexi-
gation, gasecss bydrogen from high prossure bottles was added
to the amesonia in the engine foel-alr mixing chamber. The
hydrogen sapply symem used was similar to the ammoaia
supply sysem.
ical observations were employed, whea feable, to asde
in the Imorprotaticn of performance measurements ca the
single-cylinder and multicylinder engises. Toobtaincbem-
ical data, it was necessary to develop specialized gas sam«-
pling equipment and ssmpling techniques and to develop
chemical and chromatographic insramentation and analy=

Fig. 4 =~ Ammonia fuel supply and comrol symem for mzl-
ticylinder engine

wis procedures. In soveral instances, caloulating peocedares
had to be devised to reduce the experimental data.

One irmportant area of ntegest was the collection and
analyss of gas sarsples from the exhans manifold of the

single-cylinder engine. Gas samples were collected inpre-

evacuated bottles in such 3 manner that the concestrations
of exbaux gas comtituents appeoximated those o the actual
cogine exhawmt gas stream.

Each gas sample wis analyzed a3 required for ammoeia,
hydrogen. oxygen, and oxides of nikrogen. Standard spect
trophotometric procedares were employed to deterssine the
concentration valses of ammoaia and oxides of nitroges.
Oxygen concentration: wese determined with as Orsat de-
vice. Gas cheomatogeaplryy was used 1o measure the cos~
centration of hydroges. The experimentally determined
concentrarion valpes for the exhame gas constituents were
then expressed o muitable weight unlts and were substitutod
int o appsopriste reaction equations together with related
eagine foel flow and airflow measurements.

Ouly throe principle reactioss were coaside red when char-
acterizing the combdustion process in mathematical terms,
These reactions were: the simple oxidation of ammonds,
the oxidation of ydrogen, the dissoctation of ammonia. The
oxidation of ammonda to oxides of sitrogen was ignoted since
this reaction would have lixtle effect on the calculated re-
sults,

An (teratiag procodure was empioyed to reconcile the
reactant and prodect valpes in the reaction equatioss. This
peocedure nammlly became more involved as the sumber
of equations requiring stmeltaneows solution (ncresed, In
the case of the assmonia-hydrogen fuel mixtures lavesti-
gated, it was assumed that all of the hydrogen that was in-
ducted 1m0 he sogine wai bumed. The unreacted oxygen
remalning after the hydrogen~-air reaction was satisfied was
then applicd to the comburion of ammonia. Ia geaenl,
stisfactory sobations of the combmtion equations were real-

1zed after a relatively few wial caleulations were made.
Some typical reactant data and exhaust product data ob~
wined fram balancing these combustion eguations are lstod
ia Table 2,

Concentration values foe the exhaws gas constitpentshave
been wed to determine:

1. The per ceat of tho ammonis Inducted kto the en-
gine that actsally bumed.

2. The effect of engine operation on air pollutica.

General Test Procedure - The dngle~cylindercagine wa
ran 00 amenoaia at both past-throttle and full-throctie set=
tings ovet 3 wide engine spoed raage. Only fell-throctle
petformance of the multicylinder cagine was evaluated while
buming ammonia. Normally-aspirated and supercharged
modes of operation were investigated cn both engises. At
cach engine operating condition {avestigated, performance
data were olnained at the misimum spark advanoce for bas
torque (NB T spark advance) and the leanest afe-foel ratio
for best torque (LBT air-fuel ratio).

When the single~cylinder ongloe was rus ongasolins, pee
formance data were ob¢ained also at mainimam spack ad-

originally published November 1964
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vasce and leasest alr-fuel ratio settings for development el

of maximem power. However, multicylinder engine per-
formance with gasoline was obtained with & standard peo-

duction eagine of a similar type.
All singlo-cylinder cagine performance data were cal®
culated on an indicated basts. Whea sapercharged opers~

thon of the cngine was ovalaated, the performance data werm
comooted to acoount for the power required 1o compress the
cngine alr with & 75% efficiont compressor,

SINGLE-CYLINDER ENGINE STUDIES

Initial Operation on Amimonda « At the cutset of the feel
evaleation progmm, serious doubt was exised as to whether
an ammonda-alr mixtare could be (gnited and combustion

sustalned in a spati-ignited internal combustion engloe, The
limited wechnical lterature found oa the smbject of ammo~
nia combustion wasnot escouraging. Therefore, it was beart~
ening when ignition of ammonla vas achileved inthe singlo~
cyliader engine, uslsg a coaveational automotive-type
igrition system and & primary voltage of 12 v, aad the ea-

INDICATED THERMAL EFFICIENCY %%

ENGINE SPEED- RPM

glze could be run over a linited speed range and develop Fig. § - Performasce of unmodified single-cylinder en-
some usefal woek. gine on aramonda and gasoline -~ full-throwle soamally
Fig. § presests (ndicated hoesepower and thermal effi- aspirated operation, 9.4:1 compession matio

Table 2 « Roactant and Exhaust Product Data

JFug] Mixtures
1 2 3
Roactants
Ammenia, 1b/ ke 13.6 13.0 11.6
Hydrogen, 1b/hr 0.0 0.0 0.24
Ale, Ib/hs 7%.9 7.9 7.0
A/F, % Theoretical alr mixsare 7.2 ®s 100.5
Excess ammonta, B/ hr 1.0 0.18 0.0
Combustion Data
Ameacela bamed, 1b/br 8.717 8.9 11.32
Ammonia bumed, % of inducted 645 6.6 7.8
Exbawst Prodects -~ Experimental Data
Ammosis in 1 g mmple bottle, mg 2.9 20.0 11
Sample botle pressure, ln. Hg vac an 24 35
Hydroges, % by vol 0.0 05 0.2

Exhaust Prodocts = Caleulatod

/b £%/min /b R /min B/br

Ammonia 408 VL TSm0 629
Hydrogen 008 010 008 009 001
Water 12.95 464 1420 472 2011
Oxygen $29 099 555 104 056
Nitogen 6551 14.00 6717 1438 69.83

ft /mia

0.03
c59
010
14.92
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ciency curves that were obtained at wide-open thoottle while
running the engine normally aspirated both on amamonia and
on gasoline. An imspection of these plotted data shows tha
the engine performed poorly on ammonia. The maximem
power developed at 2000 rpm was only 17.5% of the max-
imum power obtained at 4000 rpm while buming gasoline.
Also, the maximum indicated thermal efficiency of the en-
gine was 21% &3 compared to 33% when gasolice was used.
Development of usefal horsepower ceased when the cngine
speed was rabsed above 2400 rpen whille burning ammonia.

The inability 1o bure ammonia effectively in the engine
was juéged 10 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 gas at full-throttle operating con-
ditions. Therefore. considezable effort was devoted to ob-
raining representative engine exhaust gas samples and 10
doveloping 3 procedure for calculating from the exhaust data
the per cent of inducted ammonia burmed in the engine.

The following practical corrective actions were consfd-
eced for improving the {gaitability and combustion of am-
monia In a spadk-igaited engine:

1. Increase in spark eaergy.

2. Maltiple ignitice.

3. Increase in compression ratio.

4. Fuel additive for promoting the combastion of am=
monia.

It was also realized that complete combustion of ammo-
nia in a momnally aspirated engine will not reszlt in the
development of as great 2 maximum engine power as that ob-
tained while baming gasoline under similar engine operating
conditions. The difference in energy conteat of equal vol-
umes of toichiomerric gasoline-afr and ammontia-alr mix-
tures preclude this possibility. Supercharging the ammonia~
facled esgine s 2 logical means for overcoming this power
disparity. The relatively high octane rating of ammonia
makes this a feasible approach.

All of these suggested comrective meanres wese subse~
quently evaluated ca the single-cylinder englae with con-
siderable success.

Hfoaofﬂmpﬂwcm-mﬁmw
that was investigated to improve of ammeo-
nia in the singie-cylinder cogine was the modification of
the engine ignition sysem. The standard coil and 1.5 ohm
primasy cireuit resistor were replaced with a high perform-
ance coil and a 1.0 chm rosistoe to increase the spark on-
ergy. The primary voltage was increased frorm 12 to 13.6
v which approximates the voltage used in most carrent au-
tomotive englnes.

Full-throttle engine tests were conducted 1o detemine
the effect of spark plug gap size on powes cutput. It was
found that engine performance was affected noticeably by
variation in gap size and that a gap of abowe 0.085 in. re-
sulied in maximum power output.

The effect of these ignitioa symem modifications on en-
gine indicated power & shown in Fig. 5, together with in-
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dicated power data obratned while buming gasoline in the
single-cylinder engine. Also shown in the figure are engine
power data obtained while buming ammonia and using a
dual igeition symem. The maximum power of the engine
was ipcreased abow BO% and wseful power could be devel-
oped up to a speed of about 3200 rpm by replacing the stand:
ard ignition system with the single modified ignition sys-
tem. A further gain of about 20% ia power was realized
when the dual modified ignition system was used.

Tests in which each of the two ignition sySems weie use:
separately disclosod that groater angine power was devel-
oped with the spark plug in the standard location than in
the altemate location. Therefore, it is believed that fur-
ther improvement In engine performance could have been
realized by locating the second spark pleg in & mose favor-
able position.

Fig. 7 preseots plocs of the MBT spark advances and LT
air-fuel mtios established while operating oo ammonia and
using the single modified ignitioa system. Al plotted is
the MBT spark advance curve for gasoline. As shown in the
figure, the spark advasces for ammeonia are considerably
greater than those for gasoline, indicating the relatively sloy
buming rate of ammoals.

The maximum power air-fuel ratio for ammonla varied
from about 6.1:1 o 6.8:1. These alr-fucl ratios are stightly
leaner thas the stoichlometric alr-fuel ratio of 6.06:1 of
an ammonia-alr mixwre.

Although the ignition sysem modifications resaiked in
2 considerable improvement in engine performance, the
power differential berween gasoline and ammenia fuels was
still greater than the theoretical difference. Chemical anal
yses of the engise exbaust gases indicated that aa appeeci-
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Fig. 6 - Incoeased powes of single-cylinder engize through
ignition system medifications -~ ammoada fuel, full-throe=
tle normally aspirated operatziom, 9.4:1 compression ratio
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able amoust of ammonia was il passing through the ea~
gine without buming.

Effect of Increased Com Ratho = To further i~
prove the combugion of ammeonia in the siagle-cylinder
engine, compression ratios greater than 9.4:1 were inves-
tigated, lncrosses in eogine coepresica ratio to 11.5:1,
15:1, and 18:1 were accomplishod by substituting sepped-
head pigtons for the ociginal flaz-head plston.

Pig. § presests indicated horsepower curves for the var-
fous compeession ratios tested and the power axve oitained
while beming gasoline in the eagine at the 9.4:1 compres-
sico ratio. These ammonis dara and all subseguent full-
theottle single-cylinder engine data discused in this paper
were obtained while wsing the single modified igaitioa sys-
tem and & primary voltage of 13.6 v,

1t will be noted (n Fig. 8 that a sizable gais io engine
power wasobtained when the com pression ratio was increased
froes 9.4:1 10 11.5:1. The makimmm power was increased
%% Furhes increases in compression rato from 11.5:1
to 15:1 and 0 18:1 had negligible effects ca indicated power
developmen: at engine specds below about 2400 pm. but
did remalt in incroased engise power at higher spoeds. The
maximum power was incseased 65% with the 15: 1 compres-
sion ratio and 54% with the 18:1 compression ratio above
that obtained with the 9.4:1 compecmica rtfo. Maximum
power occumed atr 3200 rpm in the case of boch of these
higher compeession ratics. However at speeds above 3200
rp, englse power fell off tapidly.

In comparing the powes curves forammonia at these three
higher compeession ratios witk the gasoline power curve, it
can be seen that at speeds below about 2600 rpen the power
peoduced with ammonia was about §0% of that odtained with

120

§‘°°_4=7_'f"\(/\\.

goc

% ¢0

- T &

MiZarss)

g Ou\hoo WOO 2400 )z]co 40035
ENGINE SPEED-RPM

Fig. 7 - MBT spark advances and LBT air-fuel ratios for
single-cylinder engine -- ammonia fuel, full throttle noe-
mally aspirated operation, modified igaiticn systern,9.4:1
comprestion ratio
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ganoline. This s appeoximately the theoretical power mtio
for the two facls based on heating values and goichlometric
afr-fuel ratics.

Fig. 9 illusteates the influcnce of engine compression ra~
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Fig. § - Improved performance of single-cylinder engine
due to increased compeesion ratio =~ ammonia fuel, full-
thrortle normally aspirated operation, modified igniice

system
" " 1 mcnl
g“ \ \\
\ "..,:)\5&:
: TS
\
\ BACK
: \
o] saheal}
2
‘b wo 00 00 00

ENGINE SPEED - RPM
Pig. 9 - Improved combustion of ammonia in single~cyl~
inder engine by increasing compression ratio -- fall-throt-
te pommally aspisated operation, modified ignitica rystem

38



ENERGY DEPOT CONCEPT PAPER: SAE SP-263 - originally published November 1964

tio on the percentage of the inducted smumonis burned &= invexigated. The increased charge density due to super-
the engine. The bemeficlal effect of increased comjremica  charging should overcome the thearetical power differential
ratko became measurable at an engine speed of 2000 for the two focks
and became progressively more pronounced as the engine The indicated homepower data obeained while buming
speed was incressed further. These data emphasize the jeod~  ammonia at sperchacged engine conditicns are shown in
lem that is escounmered when butning & fuel with & decid- Fig. 10. Also shown again for the purpose of comparisca fs
edly slower flame speed than that of a hydrocarbon fuel. the indicated borsepower curve for the engine that was ob-
In this case, the combustion of ammonia was promoted by tained while operating nommally asplrated on gasoline at a
increased cylinder pressure. tempecature, and turbulence compeession ratio of %.4:1. A supercharge pressuce of 18 In.
that accompanied an increase {n compression ratio. Hg gage was nsed. Faldare of the 13:1 compression ratio
Piston shape may be panly respomible for the improve-  pémon due to insufficient dlametrical clearance precluded
ment in the combention process realized by increased com-  testing of this piston at supercharged engine operating con-
peession ratio. The greatest gain was made when the flaz-  ditioss.
head piston (9.4:1 compression ratio) was replaced with & The curves [n Fig. 10 show that compression ratio had a
stepped-head piston (11.5:11 compression ratio). The peo-  segligible effect ce supercharged engine performance at
rrusion of the upper sep of each stepped-bead piston isso spoeds below approximately 2400 rpm. However, at higher
the cylinder head probably caused an increase in gas tee~ spoeds. increasing the compresion ratio resalted in a sig-
bulence i the combustion chamber and thus improved the  nificast improvement in engine Indicated power, These
combustion of ammonia. PFurther tests would have o be powes gaing at high engine speeds were the remlt of increased
made to determine which factor, comgeession tatio ot plstcn  duming of the ammonia in the engine (Fig. 11).
head shape, was more respoasible for the impeoved engine Fig 10 shows also that the eagine power developed with
petformance. No attempe was made to develop a combus-  ammonia over the entire engine speed tange tested can be
tion chamber upe that would contribute 0 2 more rapid made 10 exceed that obtained while bumning gasoline at a

buming of the ammosia. 94:1 compression ratio and nomnally aspirated engine op-
Effect of Suporcharging = To obtaln & maximmm powes ensting conditions. This was accomplished by using the 15:1

cutpmt with ammonada commensurate with that oltalsed with  compeession ratio pimon and a mpercharge pressure of 18 ln,
gawline, mpercharging of the siagle-cylindor ongine was Mg gage. The other compression eatios evaluated resulted
I power outputs groater than those for gasoline over most
s of the spead range. bet fall below those for gasolime at high
nT

1eeds

Past- Thioatle Eng e Cossiderations - Previcusly described
cogine tests indicate that a spark-ignited ammonia - fueled
engine can be supercharged to peovide full-throwtle perform®
asce comemensurate with that realized in carrent astomo+
tve gasoline eegines. Mowever, adoquate full-throetle per-
formance is but one of many requirements of a vehicalar
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Fig- 10 - Increased pesformance of single-cylinder engine Fig. 11 - Imgroved combustion of ammeniais single-cyl-
due to superchasging -- ammaonia fuel, modifjed ignitien tnder engine by spercharging -- modified ignition sysem,
systern $.4:1 compeessica ratio
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engine  Satifactory part-theottle performance cannot be
overemphasized becasso a vehilcular eegine s operatod 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 opernatizg cost of the velicle are each dependent
o the part load feel economy of the engine.

Of all of the engine modifications ovalusted ca the sin-
glo-cylinder engine, only compression ratio and ignition

gine vasriablos on part load efficiency of the agle-cylinder
ammonia-fueled cogine were lnvestigatod.

Pig. 12 hows the effect of compresion ratio and dual
ignition on indicated thermal efficiency of the single-cyl~
inder engine at vardow Joad settings. Typical dats was pre-
sonted that were obtained at an engine speed of 1600 rpen.
For comparison pusposes, part-throctle data for one cylisder
of a mmltioylinder engloe are included that were obssined
during operatica oa gasoline. The displacemeat per cyl-
inder of this engine Is equal to that of the single-cylinder
test engine. The mwad load requiremnent per cylinder of the
multicylindes engine is indicated alio on the figare.

It can be seen that for each com peession ratio lavesi-
gated, the indicated thermal efficiency of the single-cylim-
der engine diminished rapsdly as engine Joad was reduced
froen fall load to road Joad. At full theetle, the themmal
officiency approximated that of the multicylinder engine
but was considerably less than that of the gasoline engine
& the vicinity of ad load. Only a stight imgrovemes in
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Fig. 12 - Minor improveraents is past-throttle theermal of«
fictency of single-cylinder engine due W increased com-
peesiion ratio and dual igaition -~ ammonia fuel, mod-
ifled ignition sysems,
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sugle-cylinder cagine efficloncy was realized with deal
ignition Asaresek. it was folt that satisfactory part-theottle
performance of a ek - ignited amancnla - fueled cagine could
ot be realized by cagise modifications.

Esrichment of Ammonia - The possibility of
corichentag the amcnosia with bydrogen was conssdered as
a means of tngeoviag the part-theoetle performance of a
spark- ignfted ammonta-fecled engine. The we of hydogen
1 promcte Be combustion of ammonia s 3 logical cholce
bocause ¥ could be pmduced on the vehicle (tself by de-
componing sxene of e ammonia fuel In a catalytic disso-
clator. Hydmoges cas be ignited readily and has a high flame
spoed.

The addizion of & relatively small amount of hydmogen
to (e ammmania feel was found to resalt in an appreciable
improvement o the pum-throttle performaace of the imgle~
cylindes test engine. A 2.5% by weight addition of hydro~
gen was foand w0 result (n the besr performance atthe speeds
lnvestigased. The effect of this amount of by drogen en~
rickznent co indicated thermal efficiency of the engine at
parn ked &s howe I Fig. 13 for an eugine peed of 1600
rpea. As = Fig, 12 comparable malticylinder gasoline en-
gine data are plocied.

It will be seem o Fig. 13 thar hydrogen ensichment re~
sleed a2 sizadle gais in indicared theamal efficiency of
the single- cylinder eagiae over the entire load e2nge In-
vemizatod. The eogioe officicacy values obtsined with the
ammosds-hydrogen mixture were higher than those for gas-
olize over mom of the load mage. Iz view of these test re-
=l and mppoctiag daza at other eagine speeds. i would

e ward

2 3 K % 9 ?

Fig. 13 - Imgrowed past-thirottle thermal efficicacy of dn-
gie-cylinder engine due w hydmogen addition to ammonia
== modified ignitica symem, 9.4:1 compression ratio
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appear that hydrogen ensrichment of ammonia offers a fea-
sible scheme for obeaining satisfactory par~thwottle per-
formance of a spark-igeited ammonia-foeled engine. Fur-
ther tests were performed on the single-cylinder engine to
evaluate the influence of hydrogen addition w ammonia
on full-throstle pesformance. Both normally aspirated and
smpercharged engine operations were investigated.

Fig. 14 (lustzates the baneficlal effect of hydrogen en-
richment on engine indicated power at full-throttle noe-
mally aspirated operating conditicns. It can be soen that
only a very small amount of hydrogen addition is sufficient
to camse a sigaificant increase in engine power. Maximum
cogine power was approximately doubled when hydrogen
equal to 2% by weight of the fuel mixture was added to the
ammonia. Further gains of caly a negligible amount wese
realized over an engine speed range of 800-3600 rpm when
the concentraticn of hydrogen in the fuel mixture was in-
creased to 3%. At 4¢€00 rpm. a 3% hydrogen addition was
moee effective than 3 2% addition. In gemeral. it was found
that the engine power began to decrease slightly as the per-
cemage of hydrogen in the fuel mixture was increased above
about 3%.

Fig. 15 illustrates the variane beneficial effect of hydro-
gen addition on indicated power of the supercharged engine.
The llustrated data were obeained at cach of three anglac
spoeds by increasing the hydogen concentration in the fuel
mixture in small incremesntal eps mntil the eagine power
pased through a peak valve. An engine supercharge pres-
sare of 18 in. HE gage was maintained at all times. Also
included oa the figure are maximum cogine power data ob-
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Fig. 14 - Improved performance of single- cylinder engine
due to varying amounts of hydrogen additios to ammonia
== full-throttle noemally -aspirated operation, 9.4:1 com-
pression razio
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tainod while running the engine oo ammoais caly at the
same mpercharge presure and while operating the engine
on gasoline at pormally aspirated conditions.

It will be s2en in the figure thar bydrogen addition ha«
a slight dewrimental effect on engine power development
at the 2000 rpm investigated speed, but enhanced marked
engine power outputs at speeds of 3600 and 4000 rpm.
Optimam coacentrations of hydogenof apgroximately 1.3
and 1.19% in the foel mixture were established for engine
speeds of 3600 and 4000 rpm respectively. Employing
a hydrogen coacentration of about 1.2% remlted in engin
power development oves the entire engine speed range in
vestigated that was equal to or exceeded the engine powe
developed while burning gasoline in the engine under nor
mally aspirated operating coaditicns.

Chemical analyses of angine gas samples collected du
ing these tests revesled the ole of hydogen as & combus
tion promsoter for ammonia. At most of the test condition
the addition of hydrogen to ammoaia was found to Iacrea
the percentage of inducted ammonia bumed in the engim
The degree to which hydrogen enrichment abested the co
bastion of ammonia tended to vary directly with the degr
of ineffectual buming of the ammonia ftself in the engin
Where combustion of amamonés was relatively poor (for e

ample. during part-throttle, all normally aspirated full-
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Fig- 15 - Varying improvements in performance of single-
cylinder engize due to hydrogen addition 1o ammonia --
superchasged operaticn. modified fgnition system, 9.4:1
compression ratio
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throttle, and kigh-speed supercharged conditicns). hydrogen
addizton to the ammonls was beneficial. On the othes band,
supercharging the engine a2 low engine speeds provided op-
timem baming conditions for the ammonia. asd bence. by-
drogen additice was not seeded.

The anomalous fact that engine powes declined slighely
at all full-tirottle operating conditions investigated whes
hydrogen enrichment was increased past the opimum amosnt
may be aturibated o the widely different burstng rates of
the two fuels which necesitated & compromise MBT spack
advance.

MULTICYLINDER ENGINE STUDIES

It was shown by the single-cylinder engioe tests that with
cenmaln engine modifications and the addition of a soall
ameunt of hydrogen to the ammonis, satisfactory perfosm-
ance of 3 spark-ignited seciprocatiag engine could be ex-
pectad. Thesefore, it was decided to prove this more coa-
clusively by operating a multicylinder engine oo ammonda.
The preliminary tests that were conducted verify the belief
that & multicylinder engine could be developed that would
produce power cutput while buming ammonia equivaless
to that obeained while operating normally aspicated ce gas-
oline.

Nonnall lrated Eogine = Fig. 16 pevsents
twe full-throttie beake horsepower curves that were chaatned

DFIED 10N SYSTEM

Vi
// / ?g.'."..’;";%

2400

DNGINE SPEED-RPM
Fig. 16 - Performance of multicylinder eagine oo ameso-
nia and gasoline -~ full-throttie nomnally aspirated oper-
atica, standard and medified ignition sysems
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while buming ammoaia in the multicylinder test engine at
poczsally aspirated engine operating conditioms. Curve A

refiers o daza thar were taken with the standard (gnition sys-
toss imsalled. Duata for curve B wese obtained after the ig-
akion symem bad been modified. Also shown s a brake

bomsepower curve (C) for a similar esgine of lower compees~
sion razfo (8.75:1 as compared to 10.25:1) thae was obtained
while operating the engise pormally aspirated on gasoline.
A compariion of the power outputs iows a degradaticn i

maxizam power of approximately §7% when switching from
gamlioe w ammonia foel. When the modified ignition sys-
tem was installed, the lom (o engloe power was reduced to
7% &k is realized that this comparfson favors slightly e

ammeouia-fueled engine since it was an at maximom power
spack advances whereas with gasoline the spark timing was

retaaded from the best power spark advances.

Two other rypes of igniticn systems were tested in a0
amempt to impeove engine performance while dbuming am~
mosis. These were a capacitor discharge system and a con-
tacT operated tzanststorived system. Also, several coll-se-
sisor combinations were tested. Spark plug gap sizes were
vasied from 0.030 to 0.100 in. when testing the differest
symems. However, nooe of these ignition sysems resalted
o engine performance that exceeded that cbtained while
wsiag the modified igniticn system described previously. In
fact. most of Bem resulted n [nferice engine petformance.

Sspercharyed Engine Operation - Fig. 17 presens cagine
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Fig. 17 - Imgroved pesformance of multicylinder engine
doe to supercharging -~ ammonia fwel, modified igniticn
rRem
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brake hocscpower curves obtained during sapercharged en-
gine opesaticn on ammeaia and soemally aspirazed engine
operation on gasoline. Also shown is the relationship be-

wween supoxcharge presune and eagine spoed that was cab-
lished while mumning the engine ca ammonia foel.

According 1o the sspercharge peesmire cusve, supercharg-
ing was pot evident umeil the engine exceeded 1200 rpen.
Beginning at about 1200 rpen, the supercharge pressare be-
gan to increase rapidly with engise speed and reached Be
desired maximum presure of 18 in. Hg gage at about 2800
e, Above 2800 rpem, the turbise bypass valve was opened
w0 limit the smperchiarge pressure © 18 in. Hg gage.

The ploted data show that the engine power developed
over the entire specd mage when buming ammonia and us-
ing the rurbosupercharger was less than that prodaced when
baming gasline in the normally aspirated eagine. Themax-
imum power realized with ammonia as the fuel was about
96 bhp at 3500 rpm. This maxicum valee is about 10% less
than the maximum englos power cbtalned when using gas-
oline. Engine performance data were not obtained at as
eagine speed of 4000 ipm while durning ammonia due to
difficulties encoustered with the fuel supply rystem.

It should be noted that the two brake homepower carves
are in closex agreement at an exgine speed of about 2800
pm. At this speed, the desired spercharge peessure of 18
in. Hg gage was achieved while daming ammonia. and the
beneficial effect of sperchargiog was a maxinmmm. Below
2200 rpm. useful engine work derived from sapercharging
decreased progressively with speed and became practically
sonexistent at engine ipoeds below 1200 rpes. The diver-
gence of the two power carves above 2800 rpm is due peob~
ably to the progressive decresse with engine speed in the
ability of the engloe to bum ammonia efficently.

Fig. 12 peesents brake specific fuel consempeion, beake
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Fig. 18 - MBT spark advances, LET alr-fuel matios and brake
specific fuel consumptions for melticylinderengine -~ am-
meala fuel, supercharged opesation. modified ignition rys-
tem
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thermal efficiency, and spack advazce curves for the super-
charged ammonia-fueled and nocmally aspirated gasoline-
fueled multicylinder engioes. Also shown is the alr-fuel
ratio carve for the supercharged ammonia engine operation.
The curves cdtained while burning ammoaia i the engine
extend only through an engioe speed of 3200 rpm. Although
comesponding engine power data were obtained at 3600 e,
the feel system fallure that was mestioned previously pee-
cleded the recording of a full set of engine performance
data.

As shown on Pig. 18, the two beake thermal efficiancy
curves agroe closely over the engloe speed range of 800-
2300 rpm. However, at this higher speed the carve for am~
monia began o fall off whilethat for gasoline remained
abagt copstant.

The brake specific fusl consamption of the engine while
baming ammonia was about 2-1/2 times &5 great as thax
obtained with gasoline. The marked difference in heating
vakses for the two fuels & primarily the cause of this large
difference.

Spark advance requiremsents for the two fosls are also
significamly different. The spark advance determined due-
ing operation on gasoling increased gradually fom § deg
bede at £00 rpem to 24 deg brde at 4000 rpm. A much greates
MBT spack advance was employed wvhile buming ammaonia.
1t varfed somewhat randomly between 103 bde and 115 deg
brde over the engine speed range favestigated.

The LST air-fuel matios established for operation on
ammonia varied betweea 6.2:1 and 6.7:1 over the ergioe
speed tange. These air-foel ratics are slightly leaner thas
the stolchiomenic air-fuel meio of £.06:1 for ammonia and
are much richer than the stoichfometric air-fosl ratio of
about 14.5:1 for gasoline.

Again, samples of the exhaust gases were collectod and
the constitwents analyzed. At cme sapercharged eogine op-
erating conditicn, it was determined that the per cent of
inducted ammonia burned in the eight cylinden varied be-
tween 00 and 2.0% An overall amasonia-bussed valve
of 54.2% was detennined from analyses of eogine tailpipe
gas samples.

GENERAL OBSERVATIONS

Engine Noise - No engine knock was detected Juring aay
of the tests desceibed in this repost. Although the octane
pamber of ammonia (s pot known, these tosts indicate that
it is exceptiozally high. However, during opemtson of the
single-cylinder engine at a compression ratio of 18:1 at
speeds of 2408 rpm and above, a rapping nodse similar to
that produced by heavily loaded dlessl engine occumred
when the spark advance was set for best power. This noise
coald be elimimated by retarding the spark slighely although
this resulted in a slight power los.

During nocmally-aspizated opezation at the 18:1 com-~
pressfon ratio, several cylinder pressure-time Uaces weee
obuined to determine the cause of the mpping nolse. Fig.
19 is a photograph of an oscillogram showing several such
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traces. These presure-time traces weee obtained with the
engine operating at 3600 rpm -~ full theotde. The spark
advance was set at 112 deg btc which was the MBT sppark
advance. The six upper Lraces were taken during comsecu~
tive eagine flring cycles and e Jowest trace is the motor-
g compression curve,

Peak pressre varied from cycle to cycle maging from
about 720-1700 psi, and the rate of pressure rise varied from
about 25 to 100 pel/deg. This is considered 10 be high for
the conventicnal spark (grition eagine, It ks felr thar thewe
large variations in peak pressure and mato of peessare rise
were the cause of the rapping solse. Fumher evidence of
this was obtained by ocbserviag that the mpping solse oc+
cumed in phase with the variations of peak cylinder pres-
sure, that §s, when sevecal nearly equal peak peessure traces
wese followed by an extremely high peak peessure trace 2
rapplog sound was heard.

This rapping noise was pot present at the lower compres-
slon ratios. Oscilloscope traces obtained at the 15:1 com-
prossion ratio during both normally aspirated and super-
chasged exgine operations sbowed lem varlatioos in peak
cylinder peessure andé rate of prossure rise from cycle 1o cy-
cle.

Contritytica to Air Pollgrion = The effect ca alr polls-
ticn must be weighed seriously when coasidering a velic-
ular application of the spark-ignited ammonia-focled en-
gine. Even a relatively small amoust of ammenia in the
engine exhaust is 1 be avolded bocause of fts lirkating odor
and toxic effect.

Emission of ammonia from the single-cylinder test ca-
gise was miaimized by bumiag ap ammonia-bydogen mix-
ture roquired for optimum engine pesformance at e mo-
{chlomensic alr-fuel ratio. A stoichiometrio misture of 38%
ammonia and 2% hydiogen ca 3 weight basts satisfied dhis
requirement.

Ammonia concentmtions in the single-cylinder engine

Fig- 19 ~ Cylinder pressure-time traces showing large war-
fations of peak pressures and rates of pressure zise for six
consecutive firing events in single-cylinder engine «- am-
meoaia fuel. full-theottle pormally aspicated operation,
18:1 compression ratio
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cxhas were calculated to be abost 31,000 ppm on dry basis
(water forned by combegtica exclzded) at 3300 rpm and
full-teomle. Addlag 2% by weigis of hydroges to the am-
monia and remming 4t 3 smilar eoglne opssatiag coadticn
reduced the concentzation of ammornia in the engine exhaust
spgroximately 3% to 5300 ppm. This significast decrease
s amweoals cmission was the result of a decided tmpove-
ment & combatios cfficiency when hydrogen was added

to the ammonia  The per cent of Inducted smmonka bumed
in the engioe was increased from approximately 69 o 97.5%.

These compted ammoaia concentration values are ap~
prociably greater Sas the tolerable limit established foe
the buses body. Mowcver, when these quaatities of am-
monda are dscharged froe the engize tallpipe and mix with
e ambient ak. tolemble ammonta concentratices dould
vesult f safficient vearilation is provided. Tis engive ex-
haast gas condition is similar to that which is experiencad
when cadce mosoxide i emitted foom the tailpipe of agas-
oline cagice

Detectadle amaunts of hydrogen were emiited from the
cagine while buming rich alr-feel mixtares of botk ammo
nia asd ammosis-hydrogen fuels Approximately seven
timaes as mech bydrogen was discharged while baming a 90%
thoorstical alr mixure of ammonta and hydrogen as was
Clscharpsd while duming a 92% theoretical air mixtuse of
cely ammogia

While a considerable Improvement o tho combustion
efficieacy of the single-cylinder engine has boen realized,
=il it is reasozable 1o expect that 2 measynable amouzt
of ammmonia will be emimed from aqy spark-igeited ammo~
ala-focled eaghe. If & decided reduction in arenonia emis-
gon from 2o exgloc bould bo regeired, It may have to be
accomplihed i the eagine exbang systers. Disociation
of ammonia to hydrogen and simogen, absorption of ammo-
ois. o chemical cogversion of ammonia o lnnocaous coa~
simsents are various means that might be employed.

Exluce gas amples were collected and wese analyzed
for concentiztions of oxides of pitrogen dering maximmm
powes opezation of the smgle-cylinder engine at scveral dif-
feresx engint peeds. It was found that the coacentzation
of oxides of axtrogen Increased vith increasing indicated
ther=zal efficiency of the engine and ranged from a ccocen-
ratice of about 200 poe fer a thezmal efficiency of 15%
to 1200 poen for a theumal efficicncy of 30% If gasoline
were o be demed in the cogine at similar operating con®
ditions. similar copcentzations of oxides of nitrogen n the
engioe exhaas gas would be expected.

Engine O Azalyses - During the coure of this investi-
gation, chomical smalyss of the engine lubeicating ofl were
made o determine if the mse of ammonis 23 an engive fuel
would have 2= advene effect ca the oil. Appeoximately 5
gal of commercial 20 weighs ofl were used to fill the lubri-
cating symeme of the siagle-cylinder and mulkicylinder tent
eagincs. This luge quamity of oil was pecded because the
ofl was circmlamed thoough a beat exchanges.

New oil was provided at the start of cagine teing io-
volving the wse of ammonia as foel. Samples of the ol
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of nickel, as well a3 fts established ese in commercial am-
monis devices, prosnjted the initial use of this
material in the mipatuee models.

Model A 1o the figure contalned a bed of micke] catalys
(for example, powder or f3ot) that was heated by an elec-
trical fusnsce to various selected temperatures. In the case
of Madel B, the rubes were constrocted of Inconel or sain-
leis stoel, both of which comain nickel, azd the tempera-
ture of the tubes was maistaised a2 the desired tempesature
by an electrical fumace. Commolled electrical encrgy was
supplied 1o the nickrome filament in Model C.

Pigs. 21A-21C prescat sorme typical ammonia dissocia-
tion valves that were obtained with these tuee models. In
all cases, the ammonda flow rate was kept below 0.25 O
Temperamres rasged as high a3 1000 F in Models A aad B.
Blecuzical energy o Modol C was held below a maximem
of about 20 w.

From comparisons of experimental data obtainod with
these models, it was concladed that tie pamticle bed resctor
containing nickel thot was the most effective one and the
ome best suited for engine application. Results obtained with
the Inconel tube reactor were superior to those of the stais~
less steel reactor. The electrical power requirement of the
filament type reactor was judged to be 100 high for imme~
diate application to an cogine. Actsally, the filament re-
actor had been designed for quite a differerz purpose and &
is eoncelvable that if a reactor of this type had beea bailt
specifically for this ssudy, a more efficient device would
have resited.

A deraflod analysis of the data from the particle bed re-
actor (nickel shot canalyst) yielded some important informa«
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tion of 3 practical natare. Catalysis appeass to be a sigaifi-
camt facter & the dissociation process 3t temperamres below
900 or 1000 F. Az higher sempesatures. the thermal effect
appean to be the peedominant coe. A dissociatoe of 2 size
reasonable for eagine sie was scaled op oo paper from the
raicroceactor data. Sech 3 ypochetical dimociator should
satisfy ammoniz-foeled ecgise requirements in the high
Fant-tivortie and full-theottle openating ranges of a coaven-
ticoal amormotive engine. Its effectual performance a2 en-
gine idle and in the low past-thromle operating range is de-
batable due w0 the difficulty of providing exhamst gas a2
sufficieatly bigh temperatuses. A combination of the par-
ticle bed and elecrically hested filament types of dissoci-
ator might satify tese emgine requinements if the currently
high power requisemest of the filament type reactor can be
educed. N mut be empbastzed Shar these obeervations are

X

30 e of Ny

026 g NOEL SHOT

20 485 NCREL SHOT__|
2655 NCEL SHOT

/i
AN/
/’

‘1‘

*f» DISSOCIATION

ool

| guasctin
oV so

LS00
TEMPERATURE - *F
Fig. 1A - Typical ammmonta disocfation data obtained
with experimental micsoseactoes -~ Model A-particle bed

000

nu.ﬁ.u&'vu,
o WNCONEL
X STANLESS STEEL

TR R

46



ENERGY DEPOT CONCEPT PAPER: SAE SP-263 -

20 mif rmn

40vrifmin

76 mifmn

NS

/4
: A

20p v/

| Z

5 o 7 o ° 0
FILAMENT VOLTIAGE
Plg. 21C = Typical ammonia dissociation data obtained
with oxperimental microreacton -~ Modal C-electrically
heated fllamont

based solely on laboratory evaluations of minfatwe models
and hence, their direct application 1o full-scale designs and
operating conditions must be considered speculative,
Complementary amunonla disocistion studies are being
condwcted at the Alllson Div. on a mech larger scale dis~
sociator of the particle~bed type. This dissoclator Is sized
for a single-cylinder engine and uses a promoted fron

catalyst. Prelimdnary Allison test results corroborate, 1agen~

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

SUMMARY

The resuhts of this study indicate that an ammonda-fucled

spatic-ignited reciprocating engine can be developed with
performance equivalest to that obtained ia current agtomo-

tive gasoline engines, Desised maximum eagine power may
be developed by two different approaches. In one method,

the addition of a superchasger to a conventional engine would

suffice. The engine would have to be supercharged in ex-
ces of curremt automotive peactices, which should be pos=
sible due to the high octaze rating of ammonia. The other
method would involve also the addition of 3 supercharger
but only moderate suporcharging of the engine, an increase
in the compression ratio, and the additicn of a small amoust
of hydrogen to the ammenia. The addition of a small
amount of hydrogen to the ammonia is a requisite for st~
able part-load engine perfomnance.

originally published November 1964

Hydrogen, when added to ammonia in small quantities,
was found to act as a combustion promoter in sccelerating
the buming of ammonia. Dissociation of a part of the am*
monia fuel in the vehicle appears to be the most logical
thﬂyummmdhm.ltmhlﬁ
study indicates that a catalytic dimociator beated by the
engine exhaust gas offers promise of fulfilling the needs of
an ammonia-fueled engine.

The engine modifications iavolved when replacing gas-
oline with ammouia appear to be straightforward. Probably
the greatest problem will concern the auxiliary equipment
and controls. The development of an arumoaka eva
and fue) motoring systems would possibly follow along the
Lines of similar LG system doveloprsenes. The dimeciate
would be a novel developenent but appears 1o bo feasible
according o proliminary Allison test results. '

To drive oqual distances in & vehicle, at leant 2.0
by volume and 2.35 tmes by welght as much ammonia
gasoline will be required. mhdmnhuucn
fueled vekicle will be bullcier than that in a conv
fueded velicle. However, it is belleved that this will act
be a serfoas handicap for the ma jority of military applica-
tions.
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