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SUMMARY

The injection of water into a spark-ignition piston engine tends

to TL&MGL both the powerm-nd the tendency to knock, DBecause of the

1attur‘effecﬁ the condlﬁxcns of operation con be mﬁ@e more sever@

in order to reallsb overmll ga 1ns in power uﬂd ecanu@yo

Ingeatlon of water at different points in a sing le~cylinéér
engine shows the most practicaeble method to be fine aﬁ@mizaticn into
the inlet menifold, Water flow requirements are foumd %o bé'direcﬁly
proporticnal to the menifold absolute pressure, end a commercial
type of water injection unit designed on this basis is described and
road-tested.

in attempt has been made to estimate the distribution of water
to individual cylinders of a multi-cylinder engine, and the effect

of water up on engine components is examined.

% This note includes res ults from a thesis submitted by
L., J. H, Dunphy, R.N., in June 1955 (ref.7), as part of the
- requirements for the award of the Diploma of the College of
Leronautics. Results are also included from additional work
by J. Hillsden (ref.8), the research being under the supervision
of the author. ' ‘ '




;gtredmotions

The use of water i ﬁJLCblOﬂ in internal-combustion cnglnesrlnr
dates back to 1913, when ;rofesscr HOpklnscn injected water into
a gas englme in order %o cool the chamber walls (r@fof), A
considerable reduction in thermodynsmic efficiency was found,
which indicated that the water had veporised before reaching the
walls and had reduced the activity of the burning gases, The
object of water injection todey is, in‘fact to cool the end-
gas portion of the cha ge, rather than the chamber walls, but
similar adverse effects upon performance may result unless the

system is applied correctly.

The,attracﬁion,of W&f@r iﬁjedtian lies in its>sup§r¢ssion of
knock, Under normal conditions of combustion,‘thé spank»ighited
fleme Dropag ates throughout the chamber producing a smooth rise in
pressurc. During this process, the unburned portion of the charge
@xp@ri@nc@s the same pressure rise and, in consequence,, an
adiabatic rise in temperature. Under severe conditions of operation,
the temperature of the unuurﬂed.norLLOﬁ reaches the level for
smancwneouw ignition, Mn& tha ‘end-gascs 1gn1te ﬁnﬁ.burn at a very
rapid rate. This phenomenon is %ermed'knock, and its occourrence
depends largely upon the temperature level within the chamber, and
the spont&neous~1rnxtlon charecteristics of the charge at tke normal
peek chamber pressurc. Improved cooling of the end»ggs zone of the
chamber, ¢ither externally or internally, widens the gep between

the two temperature levels, and so dela ys the onset of knock,

A recognised antinkﬁock practice in spark-ignition piston
engines is to use the fu@l itself as an inﬁernal ceolant, by
employing an over~rlch mixture under extreme pawer conditions.,
Water waoars more aﬁtr&ctlve as a knock auppress&nt in view of
its negligible cost and higher thermal capacity. The reduction in
power occasioned by the injection of water must be offset, and
outweighed, by an increase in the severity of operating conditions,

so that overall gains in performence result,
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A additional advantege claimed for water injection is the more
complete combustion of the carbon ccatent of the fuel s the reaction
between hot carbon and water resulting in gaseous carbon monoxide
and hydrogen. This té‘ndg to minimise the formation of carbon

deposits, and extend the pericds between top overhauls.

2. Effects of Water Upon Fngine Performance .,

2.1, Humidity and Air Temmerature.

; Some waﬁer vapour is normally present in atmospheric air,

and the amount of water capable of existence in the wvepour phese
depends upon both temperature and pressure., Relative humidity is
expressed on a percentage basis, derived from the mass ratio of
water vapour actually present in unit volume of moist air to that
which would be pregent at full saturation. In hot, moist, climates,
a maximum relative humidity of about 90% is found at an air
temperature of about 40(3& s which represents a water vapour

content of 0,044 1b./Ib, dry sir. Water vepour displaces dry adr,
so that a given volume of this moist oir contains only 93..% of the

mass of dry air occupying the same volume, (See refs. 2 and 3).

In general, the power output of a spark;ignition enging 1is
directly dependent upon the mass throughput of dry air, Since
the swept volums is fixed, operation at constant temperature and
veriable humidity can be assumed to incur a constant volume
throughput of moist air. The value 93..% s "cherefcre s 'represen’cs
the reduced power available due to a relative humidity of 90% aﬁ‘
E+OOC. s> and fig. 1 shows how the power veries with water vapour
mass concentration, ' | -

In a similer woy, assuming a constant volume throughput, the
power varies inversely with the inteke air ebsolute temperature,

as showmn in fig. 2.
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2.2, Induction and Combustion Processes,

The individual effects of water introduced into the induction
menifold of a spark-ignition piston engine are illustrated in the
following table 3=

TABLE 1,
R T e e e
Stage Process Effect on Performence
Induction Veaporisation ccols mlx‘ture Power increased by
until air saturated. cocling until
saturation, then
Jdecreased by air
displacement,
Compression Further vaporisation Power :mcrf*cgsed.
Stroke cools charge snd reduces
work of compression,
Power Stroke Vaporisation, end presence | Power reduced.
(main flame) of wapour, both reduce ‘ ‘
flame speed, and hence
rate of pressure rise.
Power Stroke Va por:x.sa‘cmn s end 'VQPOUI‘ ) Knock suppressed.
(end~gas zone) | cool end gases and raise , ‘
slightly their spontan-
esus~1 g_‘;mtlon t@wmratwe .

Tnspection of the sbove teble suggests that, with low rates of
water flow, the two initial effcc‘cs wcul& 'orodace a slls:;h*b o’vomll
increment in power oubputs At h:q; er rates of water flcm*, the
reduced flame speed could be expec ted to reverse the Pirst benc,flcml ‘
effect and outweigh the second, so that a pragressn.ve 1055 of

power would re sult,




3. Engine Bench Tests,

The introduction of water at different points in the engine
airflow system should help to clc,srlfy the relative megnitude of the.
ezfects shown in Table 1, The Fedden single-cylinder sleeve~valve
engine (see Appendix) was tested at constant conditions of

2,500 r.p.m., full throttle, 15° ignition advance, end maximum
power mixture (approx. 12/1 4/F), using an Argus carburettor.

Water was injected using four different methods s Vizg-

A, uOl’l'tJ.HuOUS :m,jec‘tlon upstream of cumuro'tto;\) I:;ile £

L
SR s . . . Manifold
B, Timed m;]ectlon into inlet port ,% ’
C. Injection during compressi troke ™y . .
e Injection during compr ssion stroke “‘} Combustion
‘( Chanber

‘D, ‘Ingect:s,on during power strd”

 Additional tests were then co&:*ducted to determine the effect

~of injected water upon knock-1imited DOWET s

" 3.1. Continuous Injection Upstream of Carburettor.,

Water from an overhead supply ‘to,m{ was passed through an edge
| filter into a Siemens gear-type pump :r:urmzng at 800 r.p.m.. In
order to o‘bt%:m a f’:no¢y~d1v1dc:d water sprey in the manifold, the
- water was fed through en uprlscr pipe 1nto & ! scent-spray' -atomiser,
using on atomising air pressure of 10 p.s.i.g. (Figs. 3 end &4).
Interchengeable atomiser caps of different ox-ifice diameters were
aveilsble in order to ob“"iny a wide range of water flow (1@ ‘i:o,
suit both g»vs:Lnglc— and a multi-cylinder engine) for a given range
of water pressure from zero to 250 p.s.i.g. 4 50 ml, bulb was used
to determine the water f’low rate., The variations Wi‘ch water flow
in power, specific fuel comuﬁg;hcm, and specific liquid consumption
are shown in Figs. 5, 6, 7 and 8,

The shape of the power curve in Fig. 5 confirms the conclusions
in pera, 2.2 regarding the relative significence of the individual

effects of water on the processes of induction and combustion,
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Thedower curve in Pig. 5 illustrates the reduction in power ceused

by en increose in humidity, as outlined in peara. 2.1.

5

$ 3.2. Timed Injection, into Inlet Port,

The Fedden engines were designed 4o operate with an Excello
10%@1“@%1&% {30 pos.icg.) $imed fuel injection system, and one of
the Excello soring-loaded injectors was used to sn:c"a water lnto
the central inlet Uor*t: of the Fedden single-cylinder eng 1ne3, An
Argus carburettor was used for the fuel supply. The water was
pumped on a timed basis by meons of an engine-driven Bryce single—
element diesel-type fuel pump. In order t¢ minimise corrosion in
the system due Yo the passage of water, an oil tank and two~way
cock were incorporated in the water system, snd an Ensis type
water-repelling oil was fed into the pump at the beginming and
end of each test. The sleeve inlet port-opened from 150, before
top dead centre to 55° after bottom dead c@ntm » and injection

£ water was timed to commence at 20° after top dcmck centre on tne

induction stroke, Results are included in FPigs. 6, 7 and 8.

" 3.3, Injection Du ing Cn presgion S“t s;{e,,

The same Bryce pump and water system were employed, feeding to
a DM, 801 injector, operating at 500 pqs ilafey £itbed "zw‘*o the
cylinder head. Injection commenced at 55 after bottom d_cw,“ centfe,
i.€. at the ingtent of closure of the inlet port. Results are

shovm in Figs. 6, 7 and 8.

3.4hs Injection D "«"mg Power Stru

Using the seame equr@mn“t the water injection timing was
retarded to commence at top dead centre on the power stroke. Resulis

are included in PFigs. 6, 7 and 8.

. LTy 2T A
3s5. Commarison of Regulbs,

The power curves in Fig. 6 show clesrly thot the most effective
system of water injection is method B, in which the water is injected

-

threugh the inlet port on a timed basis. = Although less time is




-7 -

available for a 'superchargink! effect due to veporisation and charge
cooling, the injected water is introduced into the chamber in a

positive manner, and does not digplace the manifold air,

Corresponding variations are seen to occur in the specific fuel
consurption (Fig. 7). The curves in Fig. 8 indicate the extent of
the price to be paid, in terms of the total consumption of liquids,

for the advantages gained when using water injection.

Despite these optimum results for method B, it can be
concluded that the écﬂtinuous manifold injection-system of method A
is more suitable, since this does not require the provision'of a
high-precision timed injection system, nor of oil-addition to
prevent corrosion of the pump or injector. The slight increase in
power at low water flows is acceptable, but not of sufficient
magnitude in itself to warrent the additional complication of a

water injection system.

3.6, EKnock-Limited Power Tests.,

The real value of water injection lies in its suppression

of knock, and in the possibility of operaiing at severe conditions
which otherwise would be prohibited., Increcases in severity, in the
form of greater ignition advance or higher compression ratio, lead
%o improved péwerfamd economy . Tests were conducted, using the
continuous menifold injection system (method 4) in the P.K.F.S.
single~cylinder verisble-compression engine, with the ignition
advanced to incipient knock at verious rates of water flow., The
knock-limited power curve is shown in Fig. 94 together with variocus
falling power curves obtained at constant velues of ignition advance.
The figure shows an increase of 10.6% power to be obtainable by |
means of an advance in ignition from 8 to qﬁo before top dead
centre, with a water/fuel mass ratio of about 1.5, Water/fuel -
mass ratios in excess of 1,5 led to unsteble coperation.

Further tests were conducted with the compression ratio increased

»

to incipient knock at various rates of water flow., The results in
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Pig, 98 sghow an increase of L. €% power cbtained from an increase

in compression ratio from 6.4/1 to 8/1, with a woter/fuel mess
ratio of about 1.5.° The crives in Fig. 9C show similar reductions.
in specific fuel consumption (of approx. 10%) vhen ignition timing
and compression ratio are increased separately to maintain an
incipient knock condition with the injection of water. These
comparc with the increase in specific fuel consumption of over

L;O% that resulied when water was injected without advancing
igniticn to :mcipient knock, Incrcases in specific liquif“*
consumption of ebout 100% were incurred in each case, which compare

with an increase of asbout 300% when igniticn advence remained censtent,

Lo Prmmmcs 1 Systems, -

The g "mutost tcndﬁrcms to lmock are found at full throttle
and low engmc spe ceds, v*hem %:he chanber pressure :.s ?mgh, and ‘cbe
time a.vw_lu.“blu for spontzmeous 1@:!11’%4,011 is lcmg;. A. change in
enggz.ne speed et cons ualfl‘b thrott tle. PCglth},’l rr:s_ves .x:‘:?, se to a Chﬁm&e
in the w,lfmd Uressuré, A my,ﬁmm of vzjccr MJCu"tlf‘ﬁ into the '
inteke me mfo,ui, *hcrwz ore, ohculc'i be contmllf;cz. 80 tnai, the ‘
water f‘low is direct wy prow&r‘cauonul to me manif fold ubsoluﬁe
pmssure, i.e. rmx:.mum Watcr «w)pi'f od ¢b lO‘W manif old deprcss:r.on,
It shoula?l 80 enswe % 12t no water flm" is “ooqsnhle when the
engine is snut down, i.e. zeTo water c‘umhed a:t ex‘o mm:lfolé. «
depressicn (Fi : 10), These o Y'eqmremcnm almost confli ot, ‘

and two oon‘sro.L & vims my be ne c«;ssary,

In dne commereial ly-developed system, (ref. lx—) 5 the water is
introduced into the memifold, on the engine s:'ca@ of the throttle,
. under the action of the menifold depression (F:Lf,,. 41). The inverse

relationship between manifold depression and water flow is obtained

% Intercomparison between the two sets of results (Figs, 94 and 9B)
may not be made directly since some engine maintenance work
effocted between ths two tests was found to have influenced
the performance level, S ‘
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by allowing the monifold pressure to act upon o spring-loaded
diaphragm and jet device, Reduced depression allows the spring
to push the jeb éway from a fixed "inverse-flow! needle, and so -
increase the flow, The manifold pressure reaches a mximum value 3
equal to atmospheric pressure, when the engine is shut down,

Since the inverse~flow jet is then fully open, a second needle is
incorporated in order to cut off the supply of m:vtgr‘ The cu’c.—c,xf
needle is also comnected to the diaphregm, and is arranged to
cloge by the action of the diaphregnm spring. Monual controls

are fitted so that the water flow may be adjusted to suit the

engine and driving conditions,

In en altornative system, developed in America, (Ref, 5),

the injection device is virtually a carbure u‘tOl", complete with
loat chamber (Fig, 12). The 1%@9@ alpchol-water fluid is

delivered into the ‘v*cntw:l of the main curburc‘c“tor, under the
acts.on o;C’ “the venturl &epfcsa on, S:mco the vcnturl pressure bears
an inverse :celfvst:mmhm wz’ch the rm:z.folc‘i pressure, chmges in
throttle position at constent engine speed cause the fluid flow to
vary directly with the venturi depress n_on s and no inverse-flow
nee:ile is mqmred Hmvcvcr, this gu:ve.; a less sensitive conurol
of flmc,. for Cngz_ne speed at constent throttle pgsn.m.on, and a
passage (shown c;,o”u“‘cod) is led fr-om the a1 aphragn chamber to “the

v:,n'tu_m tube in order to :mmro*m 'bhlo sensiti v:.ija

L. VWater Dis‘tr-i“ou‘hicm to Indivi@u&.l Oylinders.,

The successful application of any system in which fluid is
introduced into the memifold of a multi-cylinder aqglnc depends |
upon the uniformity of distribution of the fluid to the individual
cylinﬂers\. Performence suffers merkedly if the fuel is badly

.mbu’tcd., and :umla.r "vroblems arise when water or other

mmf‘oliiwwgectcd fluids are employed.

Since the mean temperature of the chamber goses re:duces

[

progressively with increase in water flow, this temperature was
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investigated with a view to its use as a guentitative indication

of water flow rate to the cylinder, The Fedden singlemcjﬂinder
engine was used. in order to obtain the temperature-flow relationship,
and this curve was then employed as a calibration of water flow

rate to the individual cylinders of the Fedden flatesix engizie .

The sixz cylinders of the latter engine are of the same design and

dimensions as that fitied to the single-cylinder engine,

A thermocouple is ingorporated in the head of the Fedden
single~cylinder engine as a stendard fitment, and the variations
in temperature with water flow are shown in Fig, 13. The curves
follow the general trends shown by the power curves in Fig, 6,
In order to increage sensitivity, and hence accuracy, a thermo-
couple-type sparking plug was fitted and the mean terperature at
the tip of the central electrode was measured, The temperaturc-
flow calibretion curve obtained using injection methed A , is
shown in Fig, 14. After an initial slight curvature, the relation-
- ghip is almost linear, and the calibration appears to be satisfactory

for applicaticon to the flat-six engine,

The Tgcentbe-sprayt water atomiser unit was fitted on%o the
inlet of the Argus cerburettor feeding the monifold of the flat-six
engii'xe, as shown in Figs. 154 and B. The Argus carburettor had
been fitted for earlier tests on fuel distribution but, Lfor the

water distribution tests, the fuel was supplied by means of the

standard Excello port-injection system, and the carburettor wes

not used, The engine was run at 2500 r.p.m, and 1 50 ignition
advance, with a constont fuel comsumption. Individual cylinder
temperatures were measured by means of ’shc«;ﬁ‘raccouple sparking plugs.
The engine consists essentially of two three~cylinder units mounted
back to back, and the water dis‘tribu*tioﬁ patterns were to be based

on the two banks separately, i.e, cylinders 1, 3, and 5, and cylinders

2, L and 6,

The engine performance was not quite up to stendard when the

initial water distribution tests were conducted, due mainly to faults
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An the fuel system amd in the thermocouple leads from cylinders

1 and 2, but the results are prosented as an indication of the ordsr
- of difference between individual flows, Figs. 16 and 17 show the
temperature variation and the deduced water flows resp@c{ively,

for eylinders 1, 3 and 5 only, If cylinder 1 is disregarded,

in view of the thermccouple lead faults, the water cppears to have

traversed to the end of the straight reke menifold, and to have
-
I

supplied cylinder 5 with a greater share. However, the results

are too meagre for definite conclusions to be drovm.

Lo2e Effect of Water on Engine Commorents,

On completion of the water injection tests in the single-
cylinder engine, the cngine was stripped and exemined for signs of
corrosion and deposits. In order to minimise the possibilities of
corrosion, the engine had been run for five minutes at the end of
cach test after the injection of water had cessed, during'which
time the Bryce pump was fed with Ensis oil, The total running
time of LOO hours included 20 hours with wate injection in
operation, The condition of the engine components shown in
Fig,. 18 was considered to be normal, and no signs of corrosion were
epparent. The carbon deposits were as expected, and the injected
water did not appear to have had any great effect upon the existing
carbon which must have built up before the tests were commenced,
The Bryce punp components are shown in Fig, 19, No evidence of
corrosion woas apparent, nor any damage to the precision-ground

plunger and barrel,

L3 Engine Road Tests,

Some preliminary road tests were conducted in a pre-war car
with a four-cylinder 10 h.p. engine fitbed with the commercial
water injection unit of Fig. 11. ‘An on=off cock was incorporated
in the water delivery line so that the system could be isolated,

A vacuum gauge was also fitted, and o meximum monifold ﬁé@r@s&i@ﬁ of

8 pes.i.g. was noted under idling conditions,
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With current (1955/56) motor fuels, a renge of octane rating
(motor method) of about 72 to 82 was considered o be aveilable,
from regular to premium grades. The difference in severity ‘beﬁvmn
optimum conditions for the two fuels is not as wide as that
represented in Fig. 9, and a water/fuel volume ratio of sbout O.h
was estimated as the probable moximum, Since, in practice s knoecking
conditions are encountered for 2 fraction only of driving time,
and since this would represent no more than about 20% of the
totel fuel consumption, the overall weter/fuel volume ratio on
the road would be expected not to exceed about 0.08, i.e.
epproximately 1 gallon of water to 12 gallons of gasoline, or

& consumption of 1 pint of water per 50 miles,

The engine was operated initially with premium-grade gasoline
at optimum ignition and mixture, Regular-grade gasoline wes used
next, at the same engine conditions, and knock was experienced under
acceleration and hill-cliubing. Water wes introduced, end the flow
rate adjusted to eliminate knock under the same conditions of
acceleration and hill-climbing., A water consumption of 1 pint per
50 miles was found to represent a fair avérage at this setting.
Increased water flow gave a noticeable power loss, and a reduced

water flow led to trace knock,

The fuel vm,x’cure was not weakened when water injection was
in operation, but some slight improvement in economy wes noted,
Fuel consumption was recorded during consecutive periods with and
without water, the total mileage in each case being about 800
miles, Average values of 25,0 and 23,0 m.p.g. respectively were
obtained, i,e. an improvement in ecdnomy of 8..’7%. A top overhaul
at the conclusion of the tests revealed a marked r@‘aucﬁion in the
extent of carbon deposits. Normal mains water was used throughout

the tests, and a tendency to jet blockage was noted occasionally,
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56 Alternative Injection Fluids.

For opefatiﬁn,undcr cold weather conditions, some form of
frost @xoteétion is required for the water injection system, gnd
the effects on the engine of the enti-freeze agents must be
considered. The properties of some possible anti-frecze m“tefi&ls
are presented in Table 2, together with the propbr+1es of water
and of a typical motor gasoline. The effectivencss of water as an
internal coolant in comparison with gasollne, is orough% out by the
relative v&lu@s of latent heat. In addition, the specific heat of
water is roug Qlf twice that of all the other liquids shown. The
conventional enti-frecze material, ethylene glycol, is only about
one third as effective a heat absorber as water, whereas methanol
is about one half as effective as water. In addition, the methanol
contained in a water-methenol blend will act as a blending agent
in the fuel, and give a slight trend towerds improved anti~knock
quality. Alechols are, therefore, the recommended anti-freeze
agents for water injection systems, and the freezing points of
water-alcohol blends are shown in Fig, 20, Domestic methylated

spirits contain approximately 97% of mixed alcchols.
6. Conclusions,

1s  Water vapour displaces dry air when it enters the atmosphere,
s0 that a reduction occurs in the moss flow rate of dry air when an
engine operates with humid air. Imcreased hunlﬂlty, thefeforc,

leads tm a red ction 1n enhlne “OWCre

2 Iﬁcraased air tomperﬁtaru reduces the mass flow rate of dry air,

end leads to a reduction in engine power,

3. Injection of water into the mamifold air of a spark—ignition
r due to the

cooling effect on the charge resulting from vaporisation, and to

piston enginc leads to an initial slight rise in

DOV
o

the reduction in the work of compression.

Lo  When the manifold air has become saturated, the engine power

drops with increcased ra tes of water flow due to displacement of dry
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eir by the weter vapour, and to the inhibiting effect of the water

upon the speed of flame propagation,

5, A maximm water/fuel mess ratio of about 1.5 is obtainsble
before the onset of unstable operation due to 'Ydrown ocut' of the

sparking plugs.

6, The reduced power output resulting from extensive water
injection leads to a lower chamber temperature and a reduced

tendency to-lnock,

7. The cooling effect of water injection upon the end gases, and
the slight increase in their spontaneous~ignition ﬁempérature due
to the presence of water vapour, lead to a reduced tendency to
knock at more severe conditions of operation, so that an o&sralla
power improvement can be realised.

8. By maintaining a condition of incipient knock, an improvement

in power of ebout 10% is obteinable with ignition advenced cver
& wide renge, and of about €% with compression ratio increased
from 6./1 to 8/1,

9. By meintaining o condition of incipient knock, fuel economy

can be improved by about 10%.

10. The presence in the chamber of additional water vapour tends
to inhibit further cerbon deposition, but not to affect existing

deposits,

14, Alcchols are considered to be suitable anti-freeze agents for

water injecticn systems.




TABLE 2, - PRO?%TIES OF ALTERNATIVE INJECTION FLUIDS.,

- CHARGE COOLING PROPERTIES

ANTI-ENOCK FROPERTIES

OCTANE NO.

MATERTA L | BOILING POINT | LATENT HEAT | AUTOGENOUS-IGNITION
% Cal./em. Temp, C, MOTOR METHOD
(A .S.T.M. D286-30)|

Typical : -

Motor 5 to 200 70 35 = 73
Gasoline o :
Water 100 539.3 - -
Ethylene : -

Glycol 197,5 194 136 -
Methanol 6.5 263 189 * 98
Ethanol 78.3 201 439 ® 99

# Ref, 6
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APPEIDIX

ENGINE DATA

ITEM

FEDDEN SINGLE FEDDEN FLAT 8IX F.X.F.8.
Bore M. 101.6 ;!O’l 5 100
Stroke  m.m. | 95.3 95.3 130
C.R. 8/1 8/1

Lo5/1 to 25/1

Swept Volume

713 4638 1020
CoCos
Ignition Magneto Magneto Magneto

Two Plugs

‘Two plugs/cyl.

One plug

Fuel Metering

Argus Carburettor

or Excello port

jinjection

A rgus Carburettor
or Excello port
injection

Port Injection
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FIG. 2, EFFECT OF INTAKE AR TEMPERATURE ON ENGINE POWER
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8= BMW. INJECTOR A
E= EXGELLO INJECTOR GEAR PUMP

P = PRESSURE GAUGE
§ = SPARKING PLUG
C= ARGUS CARBURETTOR

‘ FIG. 3. WATER - INJECTION SYSTEMS USED ON FEDDEN
SINGLE ~ CYLINDER ENGINE

?lG,d. FINELY - DIVIDED SPRAY PRODUCED BY SCENT-SPRAY
ATOMISER AT 100 ps.i.g. WATER PRESSURE
AND [O p.s.i.g. AIR PRESSURE.
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WATER FLOW LB/MR

FEDDEN SINGLE-CYLINDER ENGINE, FULL THROTTLE, 2500 R.P,M.,
MAXIMUM POWER MIXTURE, 15° IGNITION ADVANCE, 73 AVGAS. (REF.7)

FiG. 5. EFF’&?CT OF MANIFOLD WATER INJECTION
AND  HUMIDITY OHW ENGINE POWER.
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B = PORT INJECTION
s € = CHAMBER INJECTION (COMPRESSION) i
O D= CHAMBER INJECTION (POWER)
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) WATER JFUEL MASS RATIO
FEDDEN SINGLE-CYLINDER ENGINE CONDITIONS AS IN FIG.S. @EF, 7)

FIG. 5. EFFECT OF WATER INJECTION
METHOD ON ENGINE POWER
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FEDDEN SINGLE CYLINDER ENGINE CONDITIONS AS IN FIG.5. (REF.7)
FIG. 7. EFFECT OF WATER INJECTION METHOD ON
SPECIFIC FUEL CONSUMPTION
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FIG. 8. EFFECT OF WATER INJECTION METHOD ON
SPECIFIC LIQUID CONSUMPTION,
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FIG. 12, DiAGRAMMATiC REPRESENTATQON OF AN
AMERICAN FLUID INJECTION UNIT.
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FIG. 13, VARIATION OF CYLINDER HEAD TEMPERATURE WITH WATER FLOW
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FIG. 14. VARIATION OF THERMOCOUPLE SPARKING —PLUG

MEAN TEMPERATURE WITH WATER FLOW
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FIG. 15b. THME FEDDEN FLAT-SIX ENGINE EQUIPPED
FOR WATER DISTRIBUTION TESTS
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FIG. 16. VARIATION OF INDBMIDUAL CYLINDER TEMPERATURE WITH
CVERALL WATER FLOW
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FEDDEN SINGLE CYLINDER ENGINE

FIG. 18. ENGINE COMPONENTS AT CONCLUSION OF
WATER -~ INJECTION TESTS.

FIG. 19. FUEL- PUMP COMPONENTS AT CONCLUSION
' OF WATER INJECTION TESTS
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FIG. 20. FREEZING POINTS OF WATER ALCOHOL BLENDS




