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‘SUMMARY -

ON

The air flow in combustion chambers ig divided into
three fundamental classes - induced, forced, and residual.,
A generalized résumé is given of the present status of air
flow investigations and of the work done at this and other
laboratories to determine the direction and: velocity of
air movement in auxiliary and integral combustion chambers.
The effects of air flow on engine performance are mentioned
to show that although air flow improves the combustion ef-
ficieney, considerable induction, friction, and thermal
losses must be guarded against.

INTRODUCT ION

The movement of air in the combustion chambers of
high-speed internal-combustion engines after the inlet
valves, or ports, close has been the subject of consider-
able speculation but of insufficient experimentation as to
the exact nature of this air movement. Authors have ex-
pressed opinions ranging from the belief that all movement
stops the instant induction ceases, to the conviction that
an orderly flow persists during compression, combustion,
and expansion until the gases are released. Also, the
works of Neuwmann (reference 1) and of Bird (reference 2)
have shown that air movement has important influences on
lgnition and combustion of fuel and air,

The movement of air in an engine cylinder and combus-
tion chamber is of especial importance in a high-speed com-
pression-ignition engine since the mixing of fuel and air
must occur in aan extremely short time. The fuel-injection
system can be much simpler if air movement is used to assist
the'mixing of: fuel and air in the combustion chamber.
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The purpose of this discussion is to give a summary
of the present knowledge and importance of air movement in
cylinders and combustion chambers. Air movement caused by
the use of air injection will be disregarded.

-TYPES OF AIR FLOW. .

.
» .

The term "air flow" as used in this discussion refers
to the orderly movement of air throughout an engine cyl-
inder or combustion chamber. The more commonly used term
"turbulence" is regarded as the disorderly movement of air
and is not considered here. No distinction is made between
flow of pure air and of a1r mixed with residual gases or
w"th fuel. :

'Air'flow{may be considered as induced, forced, and
residual. " Induced air flow is due to iLhe pressure differ-
ence existing between the outside and insids of the eangine
cylinder during the induction. ' The forced air flow is due
to a difference of pressure in -parts of the cylinder .or
combustion chamber resulting from the movement of the pis-
ton on its compression stroke. The residual air flow is
due to the momentum of the air maintaining motion after
the original cause of the movement has ceased.

Induc

200 fezst par secound or less - -+because the intake--port area
must be large enocugh to give a high volumetric efficiency.
The velocity of the induced air flow changes wiitl the en-
51n9 spaed., ‘When this type of air movement is used to

cavengs a uniflow two-stroke-cycle cylinder the form of
tub flow is important. Tangential ports and helical air
flow in the cylirder are conducive to bvetter scavenging
than radual ports with flow along the cyllndar axdige s . Ines
duced air flow cen be used to distribute & well-dispersed
fuel spray and cen be used as a 'source of residual ain
flow. The usual form of combustien chamber utilizing this
type of gir fiow is a simple geomstiric shape isuch as a
short c¢ylinder. P e

ed air flow is of comperatively low velocity -

|

rn

The “f'orced air movement gencrally reaches a maximum

've1001ty through a reéstriction either Just before or dur-

ing the =~1ly pa;t of the: injection period, i.,e., approxi-
métely 202 B.T .0y Thie nmagiosum velocity'of flow .can be
varied over s wide range by ‘the size of the restricting
passagés in-‘the ¢ombustion chambéer:; -The.forced air flow
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may have a velocity high 'enoughi:to mix the air even with
a poorly dispersed spray. The time of the maximum flow
with respect to the crank angle may be varied within lim-
itg:; by -the design of a displacer: on:the piston to cause
an :increasging restriction -in- the air: passages gust before
the: top center p051t1on. : : :

: Induced air flow can ge.cur; only durlnb Adndnct ons,:
forced ‘air flow ican occur ‘only -during :ccompression,: while
residnal air flow persists during the compression’ and.-ex-

‘pansion., - The:induced and :forced air flow must be ‘directed

along a smooth and unobstructed path so that a -strong.re-
sidual movement will persist. If an excess of minor
swirls: form, the general effect will be .a damping of all

flow.

I combustlon chamoers, gir. flow msnally: occurs as

.combinations: of two-or three of the fundamental types. .’
..The combustion chambers .employing -them may be divided in=-

to two general classifications - the ‘integral  and the:
aux1llary—chamber types. ' FE M Ay il o SR

‘The 1ntegra1 combustlon chamber (reference 3) haV1ng

.air flow is wusually a section of a cylinder in which the

induced air flow continues as & rotational movement. ' The
form of the: induced air flow ig governed by a feature of:
the induction system such as tangential passages: leading-
to intalke ports, vanes in induction pipes, shrouded in-

take valves, or any:means of directing the air flowing in-

to the cylinder. <Some few integral combustion chambers
formed in the piston crown have forced and residual air

-flows. which are dependent for form and velocity upon’ the

piston: crown shape and upon the remaining area which: dis-

places the air near the end of the compression stroke.

- The auxiliary-chamber type (reference Z) has a cham-

‘bef-containing part of the clearance separate from the cyl-

inder  bore and connected to it by one or more passages.
With this type of combustion chamber the possible range of
air flow velocities is very wide and is controlled by the

area of the connecting passages. The auxiliary chamber

may be formed either ‘in the cylinder head or in the.piston
and has a definite forced and residual air movement, the
direction and velocity of which must: be determlned o s 1t
is to be Lsed to the best aavantage.
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METEODS FOR JLASUR‘” ENT OF AIR FLOW

The methods developed for analyzing the direction
and the velocity of air flow in combustion chambers have
been separate in that the direction is usually estimated
from the shape of the chambers and passages and the ve-
1001ty calculated from measuring some characteristics of
the "air flow such as the effective impact. Velocity de~-
termlnations ‘have been made both by calculations from:

.force measureﬂents and by ‘direct measurements Dy means of

aaenometers.‘

Probably the simplest means of determining direction
is 'to observe the direction of the grain of carbon depos-
its in the combustion chamber. This method gives informa-
tion as to air or mixture flow before combustion and gas
flow durlng combustion. TFigure 1 shows the carbon forma-
tiod on the cunped crown of a piston ‘used in a two-stroke-

fcle test engine with tangential vanes before intake ports
in the cylinder wall. The tangential markings on the rim
of the crown are caused by the induced air flow as  directed
by the vanes while the markings in the cup of the crown are
caused by the residual air flow in the combustion chamber.
That residual air flow was present wds further indicated by
an eyc3131ve carbon dePOS1tnon 1n the cyllnder head to 1ee-
ward of the Iuel valve. :

There are a number of cases where transparent cylin-~
ders have been used in approximating enginé conditions
and in observations of visible particles sustended in the
flowing air. Hurley and Cooke (reference 4) have reported
observations, by means of sgparks, oil, and water drops in
combustion chambers, which seem to approach engine opera-
ting conditions more nearly than any other application of
the visual method. They have reported that induced air
flow persists to form a residual Tree vortex whose form is
i“dependent of engine speed. These methods give little 1f
any information as to velOC1ty of gl e r oW,

In an engine combustion chamber, E. Hintz (reference
5) has applied the plate method of recording force and
has corputed velocities up to 20 meters per second at top
center but does not obtain his best engine performance
with ‘the highest velocities. An objection to this method
is that a plate large enough to give sufficient torgque for
operating the recording apparatus may seriously disturb
the natural air flow,
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To determine velocities directly Ricardo (reference
6) has used a vane anemometer in his cylindrical combus-
tion chamber and correlated his engine performance with
readings of velocity to. find a definite relation, This
method is open to objection on the ground of preventing
the air from assuming its natural flow, in this particu-
lar case maintaining a forced vortex regardless of a ten-
dency to become a free vortex.

At the N.A.C.A. laboratory a simple adaptation of
the plate method was used to obtain an approximation of
the form and relative velocity of air flow in the N.A,C.A.
cylinder head No. 3., (Fig. 2.) This cylinder head has a
pear-shaped precombustion chamber formed half in the head
proper and half in a cap attached by studs. A thin cop-
per gasket was inserted between the cylinder head proper
and the chamber cap. This gasket had small nibs around
and protruding inside the chamber. Motoring the engine
caused the air flow to bend the nibs and by noting the
engine speed at which bending started an indication of
relative air velocity was obtained. The direction and
axis of air rotation were closely checked by tests with
several different gaskets.

Referring to the photograph (fig. 2), the nibs near-
est in line with the ecylinder-to-chamber orifice, i.8.,
near the "orifice center line,! bent at an engine speed
of 840 r.p.m. The other nibs would not bend until the
supporting root width was reduced by cutting as shown.
With this change all nibs were bent at 1,500 r.p.m. as
photographed, the nibs opposite the "orifice center line'
being the last and least bent.

As a further test other gaskets were inserted in
he auxiliary chamber with two long strips of copper pro-
jecting across the chamber. After motoring the engine the
strips were bent to conform closely to the spherical or
conical shape of the chamber depending on whether the long
strips projected from the bottom or top of the chamber,

The results of the tests with the copper strips dem-
o> nstrated that a movement was established which lost much
of its force in making atrupt changes of direction so a
new cap was used which made the auxiliary chamber spher-
ical., This change in shape resulted in a conservation of
the energy of the air flow as bending of the copper nibs
at a lower engine speed indicated and as power tests
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showed an 1nten31flcat10n of the' effects of. the alr flow
on combustion as previously reported. (Reference 7.)

The form of the: air flow was further checked by noting
carbon deposited inside. the cleaned chamber when motoring
thé engine. The whirls at the ends of the axis about
which the air rotated were distinctly marked. The copper
gasket and carbon deposit indications of flow are in close
agreement. An analysis of the conditions of air flow ex-
isting in the spherical chamber is that the residual flow
assumes the form of a sphere of air-rotating about a defi-
nite axis. )

EFFECT OF AIR FLOW ON mHGINE PERFORMANCE

The performance of a high-speed, compression-ignition
engine was improved by Kemper (reference 8) who placed:
vanes |in the intake pipe te direct the inducted air toward
the injection valve.

The importance of having the correct relation between
air flow and fuvel spray was shown by the authors in refer-
ence 7 in which a series of tests was made with the spher-
ical- precombus«tion chamber and N.A.C.A. cylinder head No.
3¢ (Boe flg: 2+) 'From thége tests 1t is evident that the
proper: relation of jair flow to fual epray improves engine
power and fuel economy.

'In previous work (reference 9) with N.A C.A, cylin-
der head No. 4 (fig. 3) with a straight throat there was
no effective air flow, theidistributica of fuel to the air
being effected by injection from a multiple-orifice nozzle.
A tangential throat (see fig. 3) of equal area was fitted
to the eylinder -head such that the foreced air. flow, though
of low velocity, was directed to one edge of the vertical,
disk~-shaped combustion chamber. 1If the forced air flow
were strong enough there should have resulted a residual
rotation of air in planes parallel to-the valve faces.

The performance testing with the tangential throat
was done at the same time as the tests reported for the
straight throat in reference 9. A The test unit and test
conditions. were the same except for the substitution of
the taagential flow throat. -The multiple-orifice nozzle
No. 1%7-=1,::which. gave the best results with the straight
throat, was used with the tangential throat but the per-
formance was poor. The performance was also poor when us-
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ing a single-orifice nozzle.

The best performance with the.tangential throat was

Qbtained with a 1lip nozzle which directed a narrow, wedge-

shaped, sheet of spray into the throat. With this arrange-
ment (fize 3) the performance used for comparison and dis-
cussion was obtained. The angle of the spray from the lip
nozzle was considered the same as the angle of the 1lip be~
cause spray photographs showed that the difference was neg-
ligible. The tests started with a lip angle of 35° from
the vertical which would allow the spray to pass through
one side of the throat and impinge upon the piston if not
prevented by the air flow. The lip angle was -increased by
50 increments to 60° at which angle the spray would impinge
upon the opposite side of the throat unless prevented by
the air Tlow.

The curves in Figure. 4 show that the optimum perfor-
mance was obtained when the spray was directed at 50° which
was toward the center of the throat, thereby obtaining the
best relation between the spray and -the air flow. Perform-
.ance with the valve turned through an angle of 180° was
very poor. . For comparison of best performance with and
without air flow, curves with variable fuel quantities are
shown in Figure .5 for the 50° lip nozzle with the tangen-
tial throat and the multiple~orifice nozzle with the
straight throat. An examination of the curves in Figure 5
shows that although the brake performance at 1500 r.p.m.
is slightly better at low fuel guantities with tangential
air flow it is decidedly poorer over the remaining range,
but the indicated performance is slightly better even in
the upper range of fuel quantities.

These data show that the friction horsepower when mo-
toring at 1,500 r.p.m. was 28 per cent higher with the tan-
gential air flow throat than with the straight throat.

This increase resulted from the greater friction losses in

the throat passage. Also, the volumetric efficiency dropned

from 91.0 per cent to 85.5 per cent so that 5.5 per cent
less air was available for combustion. These two losses
are the ones most apparent in all schemes for using air
flow and although the values may be high in this particu~-
lar case, since induction as well as compression is through
the throat, it is reasonable to expect such losses to be

.even greater under. power than they are while motoring. An-

other loss that is not guite so apparent became evident:
when the heat losses to the cooling water were determined.,



8 N.A:C b Technical Note ¥o,. 414

For motoring, the amouat of heat lost to the cooling wa-
ter amounted to 6.4 per cent of the friction horsepower
for the tangential air flow condition and amounted to 4.5
per cent without the tangential air flow. The actual a-
mount of heat lost was 74 per cent greater with the tan-
zential air flow than without it. This amount could also
be expected to increase when under power because of the
higher pressures and temperatures involved.

The magnitude of the losses led to the abandoament of
his method of air flow uvtilization with this cylinder nead.
The results agree in part with the results of Alexander's
work (reference 10), on a larger but similar cylinder at
lower speeds, in that some methods of using air flow may
cause a decrease in engine performance.

With an understanding of the losses invelved, the

greater significance of these curves.(fig. 5) is evident.

The b.m.e.p. curves show that at the higher fuel guantities
there is not a sufficient return in power for the energy
required by the air flow although the iwvm.e.n. curves indi-
cate that a good .combustion efficierncy is maintained. Both
maximum-cylinder-pressure curves remain witain reasonabdle
limits although the one with the air flow is higher. The
most noteworthy of the fuel-consumption curves is the in-
dicated fuel consumption with air flow because it 1is near-
ly a straight line and indicates a more nearly uniform com-
bustion efficlency than without air flow.

Although at small loads the dispersion of the spray
became poor, the air flow was sufficient to aid mixing and
make both the brake and indicated fuel consumption Dbetter
than without air flow. '

CONCLUSIONS

Any of the three types of air flow mey be used szdvan-
tageously since, if correctly directed and used with the

proper spray, the air flow will be effective as.a means of
causing intimate mixing of fuel and air.

The methods of measuring air flow have given incom-
plete and only approximate data insufficient to design en-
gines to use air flow efficiently. Methods shoulad be de-
veloped to give more exact data of air flow direction and
velocity throughout the combustion chamber and cylinder
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and throughout the entire cycle, not only to allow more
efficient: use ©of . the air flow: but also, to aid the analysis
of engine performance. ' it :

The utilizetion of air flow is influenced by such
factors: as -throttling: and damving which must be taken in-
to .account if. the 'benefits to he derived are not to be
overbalanced by the volumetric, friction, and thermal loss-
es incurred. However, the results of engine tests indicate
that proper coordination of air flow and fuel spray will

‘resul't in -better engine performance. The mixing and com-

bustion of fwel and air by means of air flow should be more
complete and uniform than when effected by spray dispersion
alone. : :

National Advisory Committee for Aeronauntics,
Langley Memorial Aeronagutical Laboratory,
Famaliey ietd, Wall Marech 10, 1932,
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Fig.2 Copper gasket (above) with nibs bent by forced air flow in pre-

combustion chamber of N.A.C.A. cylinder head. No.3 (below).
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