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FOREWORTD

It is an. aooepted faot that every beglnnlng is al-

' ways hard and dlsoouraglng and here we ere ﬂay-dreamlng,

joof'the beginning of one of the most frultfull 1nvest1—

.gations of Englneerlng researoh.

Therlnvestlgatlons here made as 'developed'in'this_.

report are divided in two parts. Part I called,"History |

and THeoretical Considerations", freéfs ohieflyvof'the
l_‘evolutlon of the idea here suggested propertles of Hy-
;drogen, theoretloal and oraotloal 1nformatlon of - p0551ble
: Hydrogen englnes and the dlfferent oommerolal applica-
: tions of +this 1dea, Part II treats onlefly of actual
“tests and conclusions. . ' S

YThe'main'objeot of part one is to give"anfideaf

. and sufficient information of the methods - developed -

by others as well as a few new suggestlons of the pos-
- 51b111t1es of further Futu_e development on this llnea'

-It is - believed that this llttle volume which fol-

. 1ows ehall'prov1de all the neoessary background for the‘

"foundatlon of = longer reaearoh on this subject by the
Robert College Maohanloal Englneerlng students who Wlll ‘

'suooeed us. 1n the coming years.

The subaect wa -are here treatlng belng very new and
; kept secretly in all counmxles where any steps were made
1nformetlon on 1ts development was not only scaroe but

almost laoklng altovether.

"A spe01al debt of»vratltude we owe, 0 Prof Be ublnl

- for ‘his help 1n our seourlng some valuable - 1nlormatlon> .

"and to Prof. J. Bllqs for hls‘Pre01ous help oooperatlon and w

(o)

.'fenoouragement all througsy
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INTRODUCTION



‘In dealing with the study of the Internal Com-
bustion and Diesel Engines'one,will soon Find out that
the Engineering World has never stopped thinking of the
 development of the most efficient englne and correspondlng-
" ly of the most efficient fuel for ite

As the title of this volume_clearlzﬁstates, the
fuel suggested which is believed will overpass all others
on thls field of engineering today, is one 6} the consti-
tuénts Qf water produced mainly by electrolySis, namely

Hydrogen.

. Hydrogen has long been known as the perfect fuel,
but up till now no Hydrogen Engine has been designed which
‘ could show even as good results as those obtained from

petrol and other more usual fuels.

"It has taken fifteen years to arrive at the appar~
ent simple solution described in the pages following, and
it is necessary first to consider the evolution of the i-

dea and what makes Hydrogen so desirable as a fuel.

Although a more detailed description shall be found
throughout this volume a brief discussion of these consi-
derations followed by a short description of the system
developed ‘shall be foundvbelow_to serveAas an introduction
and a helpful summary to arouse the interest and appreci-

ation of the following chapters.. o

v The system for the use of Hydrogen may be said to
be based mainly on the @tilization of excess power at off-

peak perlods and durlng load fluctuatlons, which has al-
ways offered a problem particularly in hydro-electric plants

and where facilities for pump storage are not available.



~ The hydrogen may be produced as a chemical by-v
product or by two types of electrolyzers invented in
Germany which supply the gases separately in a pure sta-
te at presSures of 3000 to 4000 1lbs. per sg.in., without
a compressor. This could be done at 2 nominal cost since
the consumer of current for light and power alréady’@ays
fox¥ the upkeep, maintanance and depreciation of the sta-
tion. Gas produced at these high pressures can be stored
in small, high pressure containers and piped long distan-
ces through small diameter steel pipe. The oxygen pro-
duced by the electrolysis can be used with the hydrogen

as an engine fuel or can be sold.

Consider the significance of +this with relation
. tox large generating stations, which have to provide for
‘az constantly fluctuating demand, both seasonal and diur-
nal. | ’ ’

| In‘wintérbfhere are wusually two peak. loads daily,
viz: between 7 and 9 a.m. and again at about 4 p.m. In
the intervening period +the current consumption decreases
by about 25 % and during the night hours it dropé by more
than 85 %. In the summer the peak demands are not so high
but +the fluctuations are as great. It must obviously bé
uneconomic to provide a generating plant of a capacity
capable of dealing with the highest winter peaks, when for
the greater part of the &ay only half or one-third of its
capacity is actually required. Many generating stations,
taking an annual average, thus operate at only about 25%
of their full capacity, but the conéumer must pay interest
and depreciation on plant capable of an output equal to
the maximum peak load. The more general the use of elec-
tricity becomes, the greater will be the difference between
the peak and the lowest load, since few consumers are able
%o use current in hours other than those in which there is
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already a big’demand- Thé'pdwer stations; in order to ;
minimise Opératihg costs, provide aﬁxilliary generating
»plants, which are shut down during the off-peak period
and are therefore idle for periods up to 22 hours per
aay. g | - S S
L Electrolygers produ01ng hydrogen and oxygen undexr
_hlgh pressure and of high purity are now avallable,
and both these gases have many useful spplications.
Hydrogen could be burntiWith air or, better still, with
oxygen, for heating.énd cooking purposes, the gas it
self  and the products of combustion being non-poisonous.
It can moreover be employed in the making of artificial
amanuré, soap, margarine and fbrvhydrogenation’processes,
but the purpose with which we are concerned here is
its use 1in internal combustion enginesxand;for steam‘rai-

Singo . . : Co . i

A solution of the off-peak load problem along

these lines would have a further important adventage in

that it would help +to reduce this country's dependence v |

on.imported 1i§uid fuels,_While eVen in oil-producing coun-
tries thé’problem‘of ‘the ecbnomicél storage of power re-
»malns of prlmary importance.. Undexr certain conditions .
therefore thls question may be one of natlonal intereste.
While hydrogen's: thermal efflclency is not as_hlgh-as

that of coal gas it is produced by this method so cheap-
1y that it offers considerable advanfages. Further hydro-
gen is wholly innocuous aﬁd burning with kkg air it genet
rates steam and nitrogeh both of which are harmless and
can even 'be‘ihhaled Without ill effects.

v | Since hydr0gen is exceedlngly exPlos1ve as seon "v_ |
as mixed with air or oxygen, considerable dlfflculty was |
encountered in attemptlng to construct a hydrogen englne.

This has been overcome by uslng foolfproof valve arrange-

ments, which meke mixture of the gases impossible before ~ =

e
]

they are within the cylinders. One eXﬁeriment has already ‘
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employed compression ratios exceeding 12 to L.

Engines built from the start to work on hydrogen
are to have a:. compression ratio of 8 to 1. Further the
supposition that a motor fed with hydrogen will not work
at all because of the gas mixture contracting instead
of expanding due to generation of steam has also been
proved wrong. When hydrogen snd air mix it is assumed
that the hydrogen molecules combine with the oxygen mole-
cules of the air, leaving the nitfogen which surrounds
the united hydrogen and oxygen molecules. When ignited
the enormous heat generated is taken up by the surroun-
ding nitrogen and its:steam necleus. These act as a -
‘highly efficienct expending mediume

The thermal effiqiency of'hydiogen engines ap-
proaches 50%, and units can be built of any size guaran-
teeing not to exceed 21.2 cu.ft. per hep. -hr. for maxi-
mum gas oonsumptipn. ‘ A

Hydrogen engines are the invention of the German

engineer, Rudolf A.Erren. In design they are similar to
normal gasoline engines from which they differ,‘painly by
being provided with a special hydrogen feed valve and its

operating gear. Design of the hydrogen valve used depends

on the fuel.
Practically any existing type of internal combus-

tion engine can be converted to work on hydrogen, even
compression ignition engines, provided they are fitted
with electric ignition.

The application of this system to transport and

Industry, Buses, Heavy Lorries, Railcars, Locomotives,

‘Ships, aeroplanes, submarines and Stationary Engines will

show great economies and other major advantages to g deg- -

. ree unbelievable at this stage.
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PART I

PRELIMINARY INVESTIGATIONS




CHAPTER I

History and Theoretical Considerations



HISTORICAL COMMENTS

- Hydrogen has long being known as the perfect fuel but
up t11l now no Hydrogen Engine has been designed whicgh could
show even as good results as those obtained from petrol and

other more usual fuels.

The principal reason why such an engine was not even
attempted was due directly to Hydrogen, itself} because for
this gas to become of practical value, two essential reqﬁire—
sments were lacking, nemely, the ability to produce it uni-
versally and.oheaply and the means of using it safely and effi-
ciently. And besides what was the use of such an engine simce
energy was required for the production of Hydrogen an 4 the cost

was higher than with ordinary fuels?

- People were absorbed for'years by the idea of creatirg
the so-called "Perpetual Motion Machine" in order to free them-
selves from their dependence upon the expensive energy of natu--
ral sources. But as it was always said, "Nothing can berqbtai-
ned without the necessaryAeffort, "Nature has so established its
laws that no one could take a sfep against them without disap-

ointment or perish.
As years rolled by and science continued to progress

in a widexr horizon the lure of the Perpetual Motion Machine
was soon found out and the thought was almost done away withe

What recert ly became & problem was not the creation
of a device which would continue to work once started without
new energy put into it,but a device which would rather store up
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energy already generated.to‘be used in different requirements.
This of course was necessary in all electric power plants .and
other electric plants using'steam whigh had to produce e cexrt-
ain amount of electrical energy of which a great part was
wasted at off-peak periods. This:was especially hebessary in
vadroelectric plants where a certain amount of power was a-
vailable at all times and was either wasted or restricted by

- shutting down a number of Tturbines.

Storage batteries were made use of to some extent
but for Qvefy short periods and for a very limited amount of
energy sﬁorage- The space, storage batteries occupied, the
weight and the high cost of manufacture and maintenance over-
came all possibilities of any extensive pse of it. In other
words the storage battery did not by any means prove to be the
right device for off-peak load storage.

What was then to be done ? Fr om one side more and
more energy was required in all sorts of engineering. From
the other side energy)was'wasted without any means for saving
it

-Engineexrs got busy on the matter but apparently none
was able to think the way out‘ﬁnﬁil only about twelve years ago
Mr.Rudolf Erren, a German Engineer, succeeded in making the
right guesse. The idea which Mr.Erren brought forward was not
exactly'a new one but the combinagtion of the solution of two
separate problems was what really made Brren be called the inven-
tor of this idea. *

Mr.R.Erren put forward a method for providing an out-
let for the foéPeak Load of the Power Station by developing
an engine designed to run on a fuel which is a natural Product
or By-Prbduct of ‘the Power Station namely, Hydrogen. This me-
thod is now called, "The Erren System", and the so-called Erren
. Hydrogen-Engine has proved to have a Brake Thermal Efficiency

‘of more than double thatb ef'Petrol Engine, and greatly superior
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to that of a Diesel Engine, under average road conditions.

'And as actual tests have shown,the effect of changing a pet=-

rol or heavy oil engine to that of Hydrogen, is to raise its 7
brake thermal efficiency from the neighborhood of 23 % with the -
petrol engine and 32 % with:the heavy oil engine to roughly

45% resulting in a corresponding reduction in fuel consumption.

The design of this Engine differs in no way from
that‘normally followed by anybwéll-known make of internal com- -
bustionuengine, except with regard to the method of introducing
fuel into thé.cylinders and the reason it is called an Erren
Engine is simply because the first serious work on thls line
was done by Mre. Erren as mentioned.

_ Therefore, any Internal Combustion Engine, whether
designed to operate on petrol, heavy oil or gas as a fuel can

be converted without much expense to kake Hydrogen.

The bbnversion of an internal combustion sngine to:
a Hydrogen enginekuriously enough due to the fact that the che-
mical result of exploding Hydrogen under pressure is super-heated
steam and nitrogen, the converted engine is actually turned into
an internal combustion steam engine. TFurthermore the Flexibili-
ty and the High Starting Torque obtainable by the Hydrogen en-
gine is one of its most important characteristics hot obtainable”
in an ordinary internal combustion engine.

A more elastic, more silent and sweebter operation
also results reducing wear and tear to the minimum, and the end
of a very long period of rumning the Iubricating oil will be

found to have retained its original colour and form almosﬁ&ntact‘

Wow one can easily see that this system by solwing

- the gifficulties of the manufacture and utiligation of hydrogen
present the solution of two problems common to most countries
today, namely, how 0o dispose of the O0ff-Peak Load of the FElec-

Atrical Power Stations, as mentioned before, and how to produce &
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fuel that is a natural product of the Countries! resourcess

In addition, a practical solution is provided for that pPro-

blem which is as 0ld as engineering, namely, the "Storing of
surplus Energy Independent of time and Temperature".
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HYDROGEN

Before proceding any'further with theoretical con-
siderations as regard the whole system a shoxrt descrlptlon of
‘the phy31cal properties of Hydrogen ‘will be given in order
to.facllltate,the understanding of the ways in whlch it will
be émpIOJed as will be given later in this report. Further-~
more some of the most 1mportant reasons for using hydrogen as

a fuel will be dlscussed.

Physical Characteristics of Hydrogen.--- Hydrogen has certain

well known peculiarities. Its behaviour under compression shows
a considerable deviation from Boyle's law. One cubic meter
of compressed hydrogen at 200 atmospheres absolute; will only
yield 176.2 cubic meters on release. The curve of the free
gas contents of a cylinder of one cubic meter capacity against
pressure is a straight line from zero cubic meter zero pressure
to 176 cubic meters at 200 atmospheres. Another peculiarity
of hydrogen is the rise in temperature»when the pressure is
released this obtains, howeéver, only under certain physical con-
ditions o ; ' i

Liquid hydrogen with a spedific gravify of 0.07 is
the lightest fuel conceivable, but it has the disadvantage o f
- a very gréat‘bulk- It is not difficult to store, as any air
in the wvacuum jacket is frozen solid, thus making the vacuum
complete. .In bulk there would probably be no necessity for a
vacuum jackete. '

Ohe kge of liquid hydrogen has a lower calorific
value of 27,800 kg cal. lkg. of average pebtrol has a lower C.V.
(calorific value) of 10, 400 kg. cal. On the other hand, 1 kge
of lﬂquld hydrogen has a bulk of.about 14.3 litresand 1 kg. of
petrol has a bulk of about 1. 33 litres. In other words, forthe
same number of heat unlts hydrogen has four times the bulk of

petrol. -
s



Why use Hydrogen as a Fuel:’

Some of the advantages of hydrogen used as a fuel

are given below in a general sense only. Specific cases

shall be discussed under each application separately as per-

taining to its requirements.

(a)

(B)

(c) -

(e)

(£)

It is cheap and easy to produce'and provides a fuel

at a price equivalent to petrol.
It gives complete combustion and no carbon monoxide
or dioxide comes out of the exhaust, only clean

“alr or nitrogen, and a small percentage of water

vapor, thus eliminating waste and affording to

city dwellers complete relief from poisonous fumes
(the result of partial combustion) which £ill the
streets and are a menace to health.

It is always ignitable even in extreme cold, thus
eliminating difficulties of starting up.

It contains no carbon and, therefore, cannot depo-

sit it in the cylinder or in the lubricating oil,
thus greatly reducing maintenance chaiges,

It is absolutely safe because 1n case of leakage,

" it does not diffuse, like coal gas or petrol va-

pour, to form an explosive mixture with the air.

It is a natural product of water and can be made

at any depot or garage having an electric power

supplye

Alternatively, Hydrogen can be hade at the
Power Station (as is beihg done at Danzig and the

Ruhr) and transmitted under pressure by pipe lineo

" As it was mentioned above the possibilities of Hy-

drogen as a fuel have been known for more than a

century, but for this gas to become of practical

value, two essential requirements were lacking,

hamely, the ability to produce it universally and

cheaply and the means of using it safely and effi-

ciently. These two difficulties have now been over-
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come, the first by the advent of the High Pres-
sure Electrolyser which makes it a simple matter
to produce Hydrogeh at any point where electrical
energy is available, and the second by the @er-
fection of the Erren Hydrogen Engine, which will

be explained later in this report.
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Note:

‘Part of the information for the desc-

ription made in the following pages
under the Heading of "The Hydrogen
Engine" is taken from published
material on this line.
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T et

- THE HYDROGEN ENGINE

A THEORETICAL °DESCRIPTION

(1) General Characteristics. The main consideration in-
the use of hydrogen im an internal combustion engine as mentio-

vned in the introductory pages Qf this report, is. that hydrogen

promotes flame propagation in the cylinders and therefore ims
proved combustion) its action has been likened to "a thousand

 sparking plug points" carried into +the ‘mixture in the cylinder.

This enables a very w1de range of weak mlxtures of hydrogen and
air to be used, the power output belng controlled by the quali-
tyiof'uhe oharge. The use of a weak mixbure means a lower tem-

-perature: cycle reéulting in reduced heat losses in the jacket

owing‘to the Smaller”heat’head, and thereby the slower conduc-
tion ofi heat to the cooling water. It has been ascertained byre-
searches ' that the jacket losses do not allxocdur-during adiabaf

tic expansion.In the petrol engine a very large proportion of

heat enters‘the jacket during the exhaust stroke particularly

round the exhaus® valve‘seating.. The amount that passes in du-
ring combustion and the so-called adiabatic expansion, is a very
Smail propoxrtion even'in a petrol engine working on the higher
temperature cycle. But in the case ofvthe hydrogen enginé,yat
normal average load, the maximum and minimum temperatures would

be SO very much lower that far less heat must pass to the water.

aaoket during the strpke.

Mr.R.W.Fennings' experiménts published in the Aexo-

" nautical Research Committee's Report No0.902, dealt with hYdro-'

gen explosions in closed vessels, with a great variety of mix-
ture and initial temperatures and pressures. The conclusions
deduced from these experiments have a great bearing of the Erren

" Motor and- are as follows:-

Taking detonation to mean that the pressure rise will
take place in one to two teﬁ-thousandths of a second and prob-
ably be accompanled by intense metallic knock:
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(L) Détonation was not produced by veriation in the mix-
ture strengths. _ ‘
- (2) Detonation was not caused by increasebin either the ini-
tial pressure or btemperature.
¢3) Dellberately promoted $urbulence hardly reduced explo-
- - sion time at all. ’ o
(4) Detonation can,be reduced by suitable pockets'in the ex-
ploSion veséely S
From tests carried out by‘fhe Erren group it was found out
that the maximum temperature rise in the case of pure oxy-hydro-
gén in the correct proportion of 1:2 was 3700 degrees and the
time occupied from passage of spark to meximum pressure was on-
1y 0.72 thousandths of a second. But in the hydrogen engine
 there is a very definite effect whieh retards the rise of pres-
sure, viz;the‘absorptioh of part of the heat by the steam and
the lag in delivering this heat to the inert diluents.’

A hydrogen to-air ratio of 1 to 2.79 by volume gives a
delay of 0.0103 sec. from spark to maximum pressure and of
0.0073 sec. from commencement of the rise to maximum pressure.
This indicates that even in the hydrogen motor: the ignition +i-
ming can be slightly advanced at reasonable speeds, in relation
to T.D.Ce With the hydIOgen engine there are no poisonous fu-
mes as ‘theexhaust is either steam or steam and nitvogen (the
latter an inert gas) no carbonisation can take place in the en-
gine and no dilution of the lubricating oil. As the combustion
is nearly insbtantaneous it is claimed that there will be little,
if.any, burning of the lubricating oil. The gas is stored under
~ pressure so the power output can be governed by quality only that
is byAthé richness or otherwise of the mixture, and hydrogen
canbe admitted to the cylinder after the inlet valve is cldsed;
This materially improves the volumetric efficisncy and, wha't
 is more important, by using to the maximum the advantages of low
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temperature»cycle, the fuel consumption\per b.h.p. islpraotic—'
cally independent of the®oad. This point will be amplified later
as 1t is of vital importance when comparing hydrogen with petrol
as a fuel for moter car englnes-

The load factor of petrol engines is too variable fp give
a definite figure, but from the yublished triéls of Mr.Rlcardo
oh tests of a 14‘h-p~Vauxhallvengine, the brake thermal effici-
eﬁoy varied from 13.4 per cent at 20 per cent. load to 25.3 per
ceﬁt at 80 per cent load. In 1arge.towns where vehicle engines
are idling for long periods the average brake thermal efficiency
would hardly reach 15 per cent; +the hydrogen engine, h6WQVer,
maintains its efficiency, and is, in fact, at its‘best with low

load factor, as it is then working at a lower temperature cycle.

The following examples show comparisons of the effects pro-
duced by burning 2 gram. molecules of hydrogen, first in the theo-
retically exact quantity of air and then with the air quantity
multiplied'by 2, 4 and 8 « The reaction formula as figured out by
Mr.Ricardo would be:= | '

(a) 2H + O + 3.74 N = 2HO + 3.74 N
The heat units in the charge in each case are the same 111.2 kg.
cal. (based onthe lower CV. of H) o .

Examination of the formulae shows that the temper ature
rise will be greatly reduced in each successive case owing to the
increased proportion of inerts present to absorb the heat genera-

ted.,
‘ It will also be seen that this reduction will not be pro-

portional, owing to the progressive reduction of the steam con-

sfitueni per’gram molecule of combustion products, which will
,‘reduce their mean specific heat. The temperature rise in propor-
tion to the increase of»inerts will also be slightly increased by

reason of the falling specific heats at the lower temperatures.

Thevfinal results arrived at after allowance for change in

specific heat, decreased volumetric ratio and super-charging of hy-
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drogen fi.e. its normal admission under pressure) but with no
allowance for dissociation are:-

Pressure Tempe-

Final

Temperature Final Tempera-
rature Temp. ture Press.
Abs.at T.D.C. Abss at  pise o Abs. c atm.Abs.
T.D.Co ’

(a) 786 abs. 28.4 atm. 2655 3441 3168 105.7
(b) 737 " 23.4 atm. 1781 2581 2245 66.1
(¢) 723 " 21.6 atm. 1011 1724 1451 49.6
(a) 687 " 19.7 atm. 541 1228 955 26.5

This is for a theoretical perfect mixture. The maximum.in
practive is 20 per cent, weak. | ‘

The

comparative table which best shows up the advantages

of quality and control is:i=-

Maximum Temperature

Temperature due to adia-
batic expansion in the

C ~ratio C.
(a) 3168 1496
(b) 2245 976
(c) 1451 749
(a) 955 415

A comparison of the figures for case (c) with those of a

petrol engine at quarter-load are particularly striking and =

show how much smaller the losses to the cooling water must be.

There will naturally be a considerable retardation in the rise

+to maximum pressure owing to the increasing quantity of inert

diluents, causing a divergence from the nearly verfect adherence

+to the gas equation at high loads. This may be the explanation

<N .



for the faCt that é petrol engine converted to hydrogen will
-"idle" at a decreased speed, because +the Uressure rise is
retarded. ’ _

With a suitable-compréssion ratio the fuel consumption
over a wide range of loads, has been found to be 0.6 three of
H two per b.h.p. hour on the bench. This corresponds to a
brake thermal efficiency of the lower CV. of the fuel (irrespec-
tive of load) 6f 45% according to the researches conducted by
"Erren.

'v(2) Output of Hydrogen - Air Cyclé. There are-two methods
used in the hydrogen-air engine:~ | | o

(a) The air and hydrogen admitted durlng the ouctlon stroke,
the propo%lon belng controlled as o one part hydrogen to three
‘ parts air by volume. The mlxture is thus apnrox1maue1y 20%
weak. This figure was obtalned exoerlmentally, and is in strik-
ing accord with that which has been found to be the most suit-

able for hydrocarbon fuels. The Hydrogen valve closes appreciab-
1y before the inlet valve onlyair being present in the admission

pipe before the inlet closes, so that any threads of flame fi-

ring past this valve cannot cause back-firing.

(b) In this case air is admitted'éuring the suction stroke after
which the necessafy volume of hydwogen is admitted under pres-
sure . To a litre of air a maximum charge or 333.cc. of hydro-
gén can be added. -In a petrol engine of similar capacity the:
charge would bé 1 litre of air-petrol vapour mixture, and com-

paring these two engines, we have the following comparisons:-

One litre of air-petrol mixture has a lower CV. of:-

20.
'_é'%':'g% = O . 866kgocal .

333 ce. of hydrogen has a lower CV. of
‘ 2350 x 333

1,000.000
Thus for a cr:Lven englne cana01ty the calorific value

= 7858kg.cal.

of the Uharge is higher in the case of the petrol engine, but
the compre851on ratio of the hydrogen-alr engine should be

8 1 whilst that of the petrol engine may normallv be taken as

s



about 4.5:1 . So, comparing the Air Standard efficiencies for

these two compression ratios, we have that:

I=(II) = 0.4
1.5
45.2 1
- = 5.5 C 1.2
I - (I |
) 0.4

Therefore the best theoretical output possible from a
cylinder charged with a ditre of air and an injection of hydro-
'gen compared with the output from a litre of air-petrol mixture
is in:prOportionAof 1.22 : 1. In actual practice thereeis a
much greater increase in output from the hydrogen engine which
approaches much ¢loser to the air standard cycle in theorys: The
hydrogen englne starts with a nearly instantaneous rise in tein-

perature (as is laid down by the standard air cycle).

The ‘maximum pressure is sllghty delayed. The 1arger com-
pression ratlo possibly mekes the expansion stroke apnroach far
‘more closely to the ideal of’ adlabatlclty. For example, if we
assume 25% as the mean load under which the engine of a heavy

commercial vehicle usually operates the maximum temperature at-

tained when using hydrogen as fuel will be about 1900 degrees
absolute, falling to 827 degrees absolubte due to an 8:1 expan-
sion. The rate of conduction to the cooling water will be less
than half the rate that is obtained in a petrol engine at the
same load. The loss to the cylinder walls during explosion and
. expansion was found to be about 13% of the total heat input im
‘a petrol engine under the best possible conditions and this is
over a range of from about 2500 degree absolute down to 2000
degree absolute. '

The practical result obtained is tnat on converting a
petrol engine to run on hydrogen and air, the posSsible maximum
koutput is greatly increased (see Appendix I) and so, to obtain
‘equal power to that of petrol, the charge of one'hydrogen‘to
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three of air by volume need never be used. N :
(3) The Piller:- The inert diluents already referred to
~are required as a working fluid of filler when hydrogen is

‘used in an internal combustion engine cylinder. Where the
blcharge consists of hjdrqgen and oxygen only, part of the
steam produced is returned to the cylinder for this pur-
pose. In the case of hydrogen ahd air this reqﬁirementx
is satisfiéd by the presence of nitrogen.

(4) Hydrogen as a combustion promoter in petrol engines:-

The petrol air mixture can be considerably Weakened and a
small proportion of hydrogen added after the inlet valve
isrélosed, a higher compression ratio then can be obtained
-(employed w1thout fear of pre-ignition) and 00mplete com-
bustion can be obtained.

One of the Mlain advantages of the use of hydrogen .,
is the high rate of flame propagation attained: This fact.
becomes even moré noticeable with difficult fuels such as
crude alcohol (Potato spitit). There is, moreover, the in-
creased thermal efficiency due to the improved combustion of

the hydrocarbons alome, and also the actual high fuel value |

of the hydrogen itself.

' Pure hydrogen is, of course, better than low grade

- fuels when'judged solely from an engine point of view, be-
cause of the consistent efficiency at all loads. Butﬁwith
certain forms of transport such as omnibuses, it is someti-
mes considered uneconomic to take up so much available weight
in gas bottles which could otherwise be apportioned to pay-

load. _ . '
In addition the important question of the taxation

oategory must be taken into oon31deratlon. On the other
hand, no material loss or inconvenience would be experlenced
by carrying one bottle containing hydrogen for use as a pro-
. moter. Nevertheless, rush hours in cities are comparatively
shoxrt and during the rest of the perlod little loss would be
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sustained owing to the somewhaf réduced pay-load which
would seem to indicate that there is quite a case for the
Hydrogen-air engine for omnlbuses, and the like which
would maintain a high efficiency at all loads, with the
added advantage that the exhaust of all such large ve-
hicles would then consist of nltrogen only and a 1ittle
steam.

COMPRESSION RATTIOS

Petrol ¥ngines. Here the ratio is normally say
5:1 and this would be.inoréased to approximately S:llwhen

converted to run as a hydrogen motor.

DIESEL ENGINES

' “Here the ratio is normally about 15 to 16:1 and
this would be reduced to about 10:1 when converted to be
primed with hydrogen. Ignition then no longer depends up-
on compression temperature, and sparking plugs‘are neces-
sary to fire the charge. Notwithstanding the reduction

in compression ratio combusbtion is improved by the rapid
flame propagation of the hydrogen and a saving of fuel is
thus obtained for a given engine output . The purpose of -
the heavy oil engine is to enable low grade fuels to be
used and‘these can be utbtilized most economically by the
employment of compression ignition; Heat and pressure

' are the two factors necessary for fuel combustion , and

in such engines.the higher the compression ratio the higher
the efficiency. It was préviously believed that no use-
ful results could be obbained by conversion of the Diesel
engine to use hydrogen. This is, in all probability, due
to the modern designétion of "Compression Ignition Enginev,

25—

?@ Bogazici Universites Kitaphanesi <€



thus‘perhapg giving the impression that the hydrogen would
likewisevhave to be fired by this method. The Brren prin-
ciple on the other hand has always been to use a priming
charge of hydrogen in conjunction with electric ignition
which accounts for the successful results achieved. One
of the advantages claimed for the heavy oil engine is its
simplicity due to the absence of electric ignition appa-
ratus, and, at first sight, it may appear that its rezin-
troduction ia a retrograde step. But the gain iff efficien -
cy is considerable} it is in fact claimed and not without
same justification that it is economically sound to use
part of the power generated by the engine %o produCe oxy-
'hydrogen in a small high-bressure electrolyser, both the
gases being used as a priming charge after a full charge

ofcair has been admitted.

(b) Marine Engines. In the case of Marine Engines

a great advantage is obtained in that the consumption of
liquid fuel and thus the fuel storage space may be reduced.
The added cemplication of ignition gear therefore appears
to be fully justified.

A further advantage is that ow1ng to the inten-
sely rapid flame propotion and the lower maximum pressure
and temperature, the use of hydrogen as a primer enables

cylinders of greater capacity to be built.

The system adopted for fuel supply in the case of
hydrogen;primed Diesel engines is, generally speaking, as.
follows:- the oil is sprayed into the air in the ajir-in-
take passage and is evaporated and well distributed, eva-
poration being further assisted by placihg the induction
pipe near the engine and exhaust pipe} the rate of flow

~in the induction pipe is very high . Deposition is there-
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fore.practically impossible. It however,vslight deposi-
Tion of particles should occur, the heat bf'the pipe will

- counteract this tendency and at the high‘raﬁe of flow eve-
rything in the pipe will be'swept into the cylinder, Hy—
drogen is admitted as soon as the alr-011 intake is com~
plete, i.e. in the early part of the compression stroke
and firing takes place just before TeD.C. The rate of fla-
me propagation and ignition with hydrogen, being vastly
greater than that whigh can take place under compression
ignition in the normal Diesel éngine?,‘improves the combus-
tion considerable. ' - |

(c) Diesel Locomotives. Con51der1ng now the ques-

tlon of the Diesel locomotive, the gain in thermal effi--
01ency through hydrogen promotion results in a correspon-
ding. reduction in size and cost.

(d) Submarines. We have referred to the application

of hydrogen when as a promoter to the marine Diesel engine
and the Diesel locomotive, and we will now consider a 7
third application. viz: +to the very special case of the
Submarine. Here the hydrogen used as a promoter to the
Diesel engines should effect a saving in wegight and size
of propelling machinery a very important consideration in
submarines. Moreover this type of Diesel engine would be
switched from burning oil fuel with an oxy-hyg@rogen priming
charge when travelling on the surfaoe,‘tb pure oxy-hydro-
gen could be produced and stored thus‘elimintatingthe ne-
cessity for accumulators which require great care'and atten-
tion and even so constlture a danger when submerged owing
~to the harmful sulphuric acid fumes»pmltted. .The overall
efficiency of the Hydrogen System is not so great as that
of the storage battery and generators which when working

‘undeﬂideal conditions and at a disharge rate for which
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the battery is designed can return 8s much as 79% of the
energy delivered form the dynasmo. Ideal conditions,
however, rgarely, if ever obtain.  From figures fourd 100
kw.h. from the dynamo will produ0e123.8 oubgmeters of H2
(11.9 of 0, ) which will yield 47.6 b.h.p. when used in-
the engine; i.e. about 35%.

25



B. PRACTICAL DESCRIPTION

(1) Valve Arrangement. Figs.l and 2 show two alter-

native valve arrangements which may be applied to/ny-
drogen engines where such engines have been specially
designed) we mean by this that these two methods are
- not applloable 0’ standard internal combustlon engines
for conversion to the Hydrogen Systemy

. The fundamental prlnClple of the designs shown
is that in the oxygen hydrogen engine the valve equlpment
must handle inflammable gases by such means that there
will be no possibility of ignition taking place in the
indu ction pipe. This is effected\by proper sequences
control but without introducing-complex valve arrange-
“ments., Apart from this fundamental rearrangement of the
valve equipment, the oxy=hydrogen engine does not differ
from normal petrol engine design which means that'erdinaf
ry petrol engines can be converted to the Hydrogen Syst-

em at a relatively low cost.

As we have already explained, the hydrogen is con-.
tained in bottles st a pressure of 200 amos.i.e. about
3000 1bs. per sqg.in. but this can be \easily increasedto
about 5000 1lbs., I% can thus be admitted at any desired
pressure in excess of thet produced by the compressionof
the air charge in the cylinders and its admission can
therefore be completelyAcontrolled whilst supercharging |
to any required degree. A regulation valve is provided
to enable the gas pressure to be adjusted. We have men-
tioned before that hydrogen promotes extremely rapid com-
bustion and such matters as the position of sparking plugs
as well as the form of combustion chamber and size of
inlet valve are, in this engine of relatively little im-

1 portance. _ fD ;%



Fig.1l shows the deSign of a valve arrangement
for new engines where it is feasible to employ hydrogen
and air (or oxygen) admission ValvesAand a separate
exhaust valve, PFig.?2 shows:a~two-valve arrangement in
which the hydrogen valve is seated on the hollow stem -
of the air valve, through which the hydrbgen passes.

(2) Ignition. Standard electric ignition'is employed
the firing point being set to ocour at or slightly be-
fore T.,D.C. '(Top Dead Center) when additional 1liquid
fuel is admitted a rather earlier ignition point is’
preferable. The exhaust valve timing is in accordance

with usuval practice.

This System is equally applicable to two-stroke

cycly engines.

(3) Accelerated Combustion. Owing to the much more

rapid combustion obtained with hydrogen than with oil
and air mixture, the flameupropagation is completed du-

ring a very small movement of the piston. The gases on

ignition are immediatelyflashed into superheated steam; the

expansion of which exerts a prolonged pressure on the

piston, in contrast to the sudden fall of pressure in

petrol and to a rather lesser degree in heavy oil engi-

nes. Flame propagation only takes place during the prac-

ticaily instantaneous period of ignition and the claim

that the Hydrogen Motor consumes less lubrieating oil

than oil or petrol engines is based on this fact| in

petrol and oil engines there is a flame in the cylinder

during during the whole of the power and exhaust strokes
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while in the Hydrogen motor a flame exists only durlng

the perlod of 1on1t10n. The produot of combustlon

being steam, there is no carbon depos1t .

In the HydrOgen engine heat lost bo the coollng

water is less than in other I.C. engines, since immedi-

ately after ignition there is no flame in the cylinder,

only steam. A flame has high powers of radiation, wher-

eas steam stores heat in laten®t form especially when
expanding and the radiation is thus very low.

(4) Alternative Hydrogen Cycles. The following cycles

of bperation refer to d 4-stroke engine although this
system can be applied to the 2-stroke with equal facili-
Ty and efficiency.

(&) Gas Admission during the Suction Stroke. Hydrogen

is admitted early in the suction stroke just after the
air inlet vadlve opens, the hydrogen valve closing just
pefore the air inlet valve closes (so that no gas will
remain in the manifold and explosion won't occur.) ‘

(b) Gas Admission during the Compression Stroke. The

hydrogen, being under pressure can be admitted during

the compressibn stroke air only being admitted during

the suction stroke. This enables the volumetric effi-

' ciency of the whole charge (as distinct from air volumet-
ric effioiency) to be increased-from 90% to say 130%

or even more, Tfigures quite unattainable in petrol or

| heavy ofil engines without resource 10 supercharging.

(c) Normael Superchargings Under normal superchargirg
both hydrogen and 2ir are admitted under pressure the_
air during the suction stroke and the hydrogen during
either the suction of the compression stroke, giving a

meximum explosion pressure.
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(5) Fuel Consumption. The consumption of hydfbgen
under the best conditions is stated to be 0.6 cu.

meétres per b.h.p.—hour, and to be approximateiy con-
stant at all loads. In contrast to‘petrol-and heavy
oil engines, only that amount of fuel is admitted whieh
is‘»réqﬁired under the various working conditions the~

total volume of the charge remaining constants
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PROPOSED REVISION FOR.lTHE USE OF HYDROGEN

It was. prev1ously, in the pages of thls work,
clearly shown that the greatest dlfflculty in the use -

- of hydrogen as an 1nternal combustion englne fuel was

the introduction of the gas into the cyllnders for com-

| bustion. Several ways have up o now been trled by ma=-

ny experimenters, some of which are mentioned before.

The propei valve is the thing which needs o be -

,found.

’Coming back to our work sincé no vlaves of any
sort were available, we resorted to the design of two
valves, the description and drawings of which shall be

) gound in the follOWing Dages.

_ By the appllcatlon of these valves the oarbura-A
tor shall be eliminated altogether and exact control of

the fuel and air. mlxture requlred shall be attalned.

Purthermore, the amount of fuel introduced 1nto R

the cyllnders w1ll be dlrectly measured.

The two v&Qvee are shown in the diagrams of

Fig.3 and 4 where each part is marked by a letter or ara- .

bic numeral for referring to it in the description given

. belbw.

The Ball - Valﬁe :This valve was so named because small
metal balls were used for regulating the fuel supply. to

the cylinders. It'isiobmposed of mine main parts as ‘
shown. Marked (1) ds a‘boxkagloyrecelver in Ohlch hyd-
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Trogen at the required'ﬂage preééure:iskcollected'after
pass1ng through the reducing valve (2) from a pressure
~of about 3000 1bs. per sqein. at (a) and receiver pres-
sure at (b). The redu01ng valve is oonneCued £0 the |
hydrogen bottle with a pipe.

Four small metal balls (4) of which two‘are
fitted in holes on eachkside.of the one end of. the re-
ceiver (1) are kept in piaee by means of springs (5)
which in turn are kept tight to the intake wall. The
camshaft is connected to the shaft (6) at (¢). The other
end of the shaft is fastened to (d) and has, a crosswise
connection (7). As the camshaft turns it will drive
(7) with it and open the intake holes at (4). But since
each ball is kept tight in its place by & soring, as
mentioned, as soon as the arms of (7) bass over, the balls

~will be pushed back to place close the hole and keep the
: hydrogen in the reoelver.

) Air, on the other hand, is admitted at (e)
mixes with hydrogen and the mixture goes 0 the manifold
through (g)e | ' ; ‘

A pressure gage (8) is attached'to‘(l) to

W l
measure the pressure in. the recelverﬂls reguTated with

the valve (2).

He ’ .
In oxrder to determlnehcorrect amount of fuel

which is passed into the manifold ainozzle (f) is used
'tozdischarge the hydrogen and a pitot tube (9) for mea-
suring the head of the gas at (b). Then the volume .
of gas can be determined from the following relations

= D hv
Q=AV=A 2805
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= volume of gas in cu.ft.
= cross sectional area of tube.

acceleration of grav1ty

=) ® B O
I

= Welght of 1 cu-ft.of water at the temperature
of the gage fluid. _ ‘
hv=sVelccity pressure neasured in'inchesbof'water.
d = Density of the fluid flowing, Ibs.per cu.ft.
Knowing the dénsity of the gas at the givenﬂtempe—
ratures the welght used &t a certaln tlme can be deter—
mlned. ' ‘

Confinuing with the operation of thevmecha-
nism, as the crankshaft makes one revolution the camshaft

. makes only 1/2 and So does +the shaft (7) of Nhloh the

two arms open and close the ball on the one half of the

head, twice every half‘a revolution and so will the other

two arms do at the same time for the other two holes.

That is for every half a revolution of the
camshaft ali of the four cylinders shall be'provided with
fuel. '

The Revolving Disk - Valve: This valve is also like.

the first, comoosed of nine main parts as shown in Big.4

but is very simplee.

Hydrogen under a hlgh oressure is admitted
fromkthe bottle at (a). The pressure of the gas 1is then
reduced by proper reducing vl&ve (2) and the gas is
passed at the reduced pressure through (b) to the recei-
ver(1l). There a pressure gage is used for controlling.

the pressure to the value required.

A pipe (c) comnected to (1) has a disk (4)
with four symmetrlcal holes attached at one end and. to
"a Tee (A)e A second disk (3) having only two holes is

36




kept tight against disk_k4) by means of a spring (5).
To reduce wear and tear due to friction'between'fhe ‘

disks a soft substance (6) which can be changed ea311y
hall be pasted on one of the dlsks.

- A packing gland was glso inserted at (7) to
prevent the leakage of the gas there.

The revolving disk (3) is Tastened o the
camshaft ih such a way that if the faces of (3) and (4)
tend to be separated from each other the spring (5) can
push them back ‘together, Hydrogen, after passing from -
(3))w111 go to the manifold (g) where it will be mlxed
w1th the air comlng from (e) and go into the cylindersy

The amount of fuel shall he measured in the

same way as mentloned under the Ball-Valve..

 Tor each turn of the crankshaft all of the
four cylinders must fire. As the camshaft makes half
a revolution for each turn of the crankshaft disk (3)
shall also make ‘one half.

. Since as it was said above disk (4)vhas'four
. holes and disk'(B) only two. for each revolution of the .
crankshaft one hole of (3) will make half a revolution,
and will cross over two holes on (4) the next hole of
(3) doing the same for other -half a revolution in this
way maintaining the fuel supply to the cylinders at a

uniform rate.
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. CHAPTER II

‘The Test
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DESCRIPTION OF TEST APPARATUS

The apparatus which shall be made'use of in this
test as will be described in the following second part
of this chapter is mainly composed of fouw parts as
follows:

Test Stand

Main Engine.
Charging Battery -
Water Brake

The test stand built out of steel channels moun-
ted on the floor was employed for supporting the main
engine and the water brake. The main purpose for u-
sing a rigid stend as described was to eliminate vibra-
tions and make the comnection of the engine and brake
~easy and flexibles -

The main ehgine an old foﬁr cylinder Ford T -

model of which the gear box and the magnets were re~
moved , thus decreasing its weight and size considerably,

is mounted on the test stand by four angular steel legs.

The spark plugs are connécted to a battery by means
of suitable cables which for the sake of flexibility
and simplicity are run through a metal pipe from suitab-

le holes and afe fastened To the respective spark plugs.
The other end of these cables is fixed to the spark ad-
vance the job of which is to fire each cylinder as it

is cut off from intake end is at its oompressioh top dead

center,

The cooling water is led to the engine through an
outside source and drained out by a hose. The gasoline
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fuel is led to the carburator from a fuel tank resting
on a Dbalance to weigh the consumption.

In the case of hydrogen the hydrogen shall be
led to the cylinders through. a hole on the side of the
‘manifold connected to the bottle by means of suitable
tubing. A receiver placed between the hydrogen bottle
ahd the manifold shall be used to control the pressure
of the gas as required. This shall be done in order ¥o
get into the cylinder the desired quantity of fuel ‘each
time, The.exhaust gasesrrun.through a pipe 12 meters
long out into the atmosphere. ‘

The water brake is made out of two steel discs
revolving in a circular metal casing. The Qaéing is

provided with one hole on each side through which water

is introduced by rubber tubing. Two faucets at the bot
tom of the oasing serve for draining the water out. A
metal rod fastened to one end of the diameter of the
casing rests on a platform balance to recérd the brake
load.

The flange coupling is used to connect the engine
shaft to the brake shaft. ' '

Other apparatus to be used during this test are
a tachometer for measuring the revolutions of the shaft,
a thermometer for determining the temperature of the

cooling water leaving the radiator and +two gages for meat

suring the manifold and exhaust'pressure respectivelye.

#/
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le . " ‘
Proppsed Test Schedual., In the first part of this

chapter a complete description of the test engine and
apparatus'used was given. It'only remains at this
stage to mention something about-the number of tests
and their procedure as well as of the order to be fol-
lowed and the results required to be obtained from the-
se tests;

, To begin with two tests are going to be
run each one composed of several runs for different
brake loads. N |

| The first test will be xun on the usual

. gasoline and the maximum speed of the engine shall not

exist 1700 R.P. M.,

By varying the brake load records of the
following items shall be taken for each run: =

1. Bréke load in lbs.

2, Manifold pressure in inches of Hg.

3. Bxhaust pressure in inches‘of Hg.

4. Amount of fuel burnt in lbs.

5.-Temperafuré of cooling water leaving the ra-
diator. - '

6. R.P.M. of the shaft.

The second test shall be run on hydrogen
and the same procedure shall be followed as with gaso-
line. ‘

When the final results shall be obtained the
comparison of the two gases shall be made as to economy
of fuel, and efficiency of the engine. ' '

While the test shall be running observa-
tions shall be made as to the adaptability of hydrogen

¢
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as compared to that of gasoline and the swiftness of

the engine.
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CHAPTER IV

'Ftuture Suggestioﬁs
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PROPOSED DEVELOPMENTS AT R.C.

In studying the Internal Combustion Engine
one can 1mmed1ately see the tremendous need of fuel that
is necessary for its operation. This was just exactly
what stimulated our minds to think_of'the possibilities
of a cheaper and more easily available resourse. Inves-

tigating the matter over we soon found out to our sur-
prise that Hydrogen was a gas on which most of the

scientific fuel researches were presently tending to
- turn due to all the possibilities described in the pre-

vious chapters. : , -

After having read thus far through the
pages of this report what doubt remains that Hydrogen
'shall become a universal fuel for Internal Combustion
Engines) this_is especially sure of countries in which

other such fuelcresourses are lacking altogether.

With this idea in mind the present attempt
was made not to come to any definite results but to a-
rouse the interest and place the first foundation stone
for the development of a longer and real researcqhn this
line by the Mechanical Engineering students of the Col-
lege who will follow. | |

This year an old littlevengine was arranged
and a trial test was run no Teal changes were however
made. This then is not all for as it was said in the
previous chapters an engine.qonVerted to work on hydro-
gen must have above all different valve arrangements
and a higher compression ratio for better efficiendy.7
Our time was short and our work hasty hence a compléte
conversion of the engine to run on hydrogen was not pos-

J
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\
By reduoing the cléaraﬁcé spaoe within\the cyl-
~inders and by constructing valves as suggested in this
chapter oxr chers, higher compression ratios shall be
attained and betder control of the fuel injected into
the cylinders shall be possible and hence higher effic-
iencies and better results shall be obtained.

Furthermore we wish to suggest that no timeé need
be spent in search of more'infOrmation of this line.
The information givényin.thié report is almost all that
Qén be found and it is all that is required. Experimen-
tal work will serve more fSrthe purpose. '

The producté'of combustion of air and hydrogen
being superheated steam ahd nitrogen present another
possibility on which tests can be made, namely, the use
of this steam for running .steam engines, turbines or uti-
lizing it in central heating systems. ' |



S " Appendix I

‘Results of Tests carried out by the German
State Railway ‘ '
(ReichsbahnequesserungsWerk)

The Teste,were conducted on a 75 H.P. 6-cylinder

A;N.A.G. Railcar Engine converted to the Erren System butb
otherwise unaltered. This condition was stipulated in

order that the engine coukd be restored 4o its original

‘condition after completion of the trials.

When the engine was run on its normel fuel, i.es
petrol, it delivered 74 B.H. P.’at 950 R.P.M. (B«M.E.,P.:87
1bs. per sq.inch) and 51 B.H.P., at 600 R.P.M. (BeM,EoPe ¢
96) . The englne was muchworn and its running was conse-
quantly harsh. The maximum power developed was found to be
77 B.H.P. B o
When the engine was run on petrol and primed with
hydrogen the B.H.,P. rose t0 78.2 at 950 R.P.M. (B.M.E.P.:
92.5); The maximum power developed was found to be 83
B.H.P. corresponding to an increase in performance of about
9;7 %.f The consumption of petrol dropped from 260 grms. to
about 160 grms. per B.H.P./h. equivalent to a saVing of a-
vout 37 % The temperature of the exhaust was lower than
when running on petrol alone. | '

‘The engine idled at 136 r.p-m. under no load. The
'amount of hydrogén when used for prlmlng was about 0.42

cu.metres per B.H.P./h.
When the englne was run on hydrogen alone 77 B.H.P.

was obtained at 950 R.P.M. (B.M,E.P.: 91.2) and 56 B.H.P.
at 600 R.P.M. (B.M.E.P.:105) corresponding to an increase
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in performance compared to petrol of 4 7 and 10 % respec-‘,

'-tlvely.,The maximum power was. found to. be 78 B.H.P.

The brake Thermal EfflClencles.obtalned were.-' 

- Tepems =  per cent,
With 1020 =~ =  31.8
| 900 = 33.2
800 =  35.5
700 = 38,2
. .600 = 42,0
- 500 S = 48.0

An average of 38 %,
' The meximum Brake<Therma1 Efficiency obtainéd,
when runnlng on petrol ’# 28.8 4,

48.0 %

1 e ?l n hydrogen
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