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I ABSTRACT

Recent investigations of fuel injection in spark ignition engines
have aroused neﬁ interest in two stroke cycle engines. The performance
of suéh engines is very much affected by the dynamic behaviour of the
fresh alr introduced and the exhauslt leaving the cylinder through ports,
receivers and silencers. The present investigation has as its aim the
clarification and establishment of trends in the performance of two stroke
engines with particular reference to crank case scavenged engines.

The basic relations governing the flow of air and gas through the
whole system are investigated one by one and their interdependence is
established. The investigation covers: pulsations in the cylinder,
accelerations.in the ducts, effect of variable port area,.effect of throt-
tling in the ports. The basic differential equation for free oscillation
of the exhaust gas in the system comprising receiver, exhaust pipe, and
silencer is set up and a method is developed which allows caléulation of
an equivalent length for the system. ¥ith this equivalent length, the
natural frequency of the system can be calculated.‘

An expérimental investigation is presented which was carried out on
a single:cylinder compression ignition engine with crank case scavenging.
The volumetric efficiency of the engine was determined as a function of
exhaust system configuration at various brake mean effective pressures and
at constant engine speed. The pressure in the exhaust near the port was
measured (by means of a quartz and crystal pickup) as a function of crank
angle.u |

The results are presented in the form of plots of volumetric effi-
ciencies as_function-of brake mean effective pressure for various con-

- figurations and as photographic records of pressure as a function of



crank angle,

It is concluded that a simple frequency analysis is insufficient for
the determination of the exhaust behaviour. Criteria for good exhaust
systems are established. The trends predicted in the theoretlcal analysls
of the report are, in general, well verified,

The need for further investigation is indicated and an outline of

research is nresented.

4 4 PRt iibTile
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I1. INTRODUCTION AND OUTLINE OF INVESTICATION

The development of the reciprocating internal combustion ehgine has
reached a stage in which majof improvements of output per unit displace-
ment or specific fuel consumption are no longer to be expescted. Any further
improvement in the future must come from small gains obtained by painstak-
ing development. of nunercus details.

The conventional gasoline engine with carburetor has been developedv
exclusively on the four-stroke cycle principle, since the two-stroke cycle
results in poor fuel economy due to scavenging losses.

Compression ignition engines of the two—str@ke cycle type are built
extensively, since in this type only air is introduced into the cylinder
during intaske and scavenging. Therefore, no loss of fuel oceurs. One of
the most highly developed and successful high speed compression ignition
engines (General ilotors Series 71) is of the two~-stroke type. Larger engines
use blower scavenging, either directly driven or éﬁploying exhaust turbines.
Crankcase scavenging»is believed to be impracticable. Its limitations have,
however, not been ilnvestigated. Figure 2 shows the cross sectlion through
a typical blower scavenged two-stroke engine (General Motors Series 71).
Figure I shows the cross section through a crank case scavenged two-stroke
engine (Venn Severin).

The advent of direct injection of gasoline in spark ignition engines
éhows great promise, especially with réspect to utilization of low octane
fuel in high performance engines. '

Fuel injection, taking place near top dead center, removes the main
objection--low fuel economy--against the two stroke cycle for gasoline

engines (Reference 1).
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The advantage of the two-stroke cycle, on the other hand, is, that
a iarger number of power strokes are performed by an engine of comparable
weight and sizevof a four stroke cycle engine.

in two-stroke engines, the processes of gas exchange, i.e. intake,
scavenging, and exhaust, are known to be of considerably greater impor-
tance to the overall performance of the engine, than they are in four
stroke cycle engines,

Since there has been, in the past, little incentive to study this
problem, few investigations of basic nature have been made. The work
which has been done has been mostly along the lines of developnment of
exhaust systems for specific engines. In many cases solutions are sought
by assuming that steady state conditions pfevail in the system, such as
e.g. the use of two dimensional models and steady flow of water for the
investigation of scavenging processes, The validity of such assumptions
is then checked by means of performance tests of the complete engine.
There is room for doubt as to whether or not such procedure is entirely
satiSfactory.l'

Specifically, the following questions are to be investigated:

(1) In what manner do unsteady flow conditions affect the intaks,
scavenging, and exhaust process of a two stroke engine?

(2)' What is the effect of pressure pulsations on the engine flow?

(3) How do the physical parameters: cylinder volume, port size,
speed, and dimensions of the duct system affect the conditions of flowf

(u) What is the effect of scavenging pressure on the flow?

(5) Wnat are the limitations of cramkcase scavenging?

None of the qﬁesﬁions mentioned are restricted to any one type of

.engine, or to either spark or compression ignition.
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The effsct of altitude on two stroke engines has been discussed
(Reference 7) and will not be included in detail.

The investigation is made without regard to specific applications.
Questions of mechanical design have, therefore, been omitted at the present
time.,

The experimental work done in comnection with the present investi-
gation was carried out on a single cylinder two-stroke compression ignition

engine with crank case scavenging.
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III. PROBLiMS OF THE SCAVENGING PROCESS IN GENERAL

During the dowrward stroke of the piston, the exhaust port opens
first. The exhaust gases "blow down" during which process they must be
accelerated to sonic velocity. lWhen the intake port opens, expansion in
the cylinder must be such that the cylinder pressure is equal 1o or lower

than the intake pressure.

inen the intake port or ports open, the scavenging period begina.
The scavenging air in the intake duct must be accelerated very quickly.
It then enters the cylinder through an opening of varying cross-section

formed by the port and the receding piston.
The following dynamic phenomena must then be distinguished:

Opening of ports, both inlet and exhaust, produces sudden pressure
waves, which propagate in the cylinder with the velocity of sound. These
waves may be reflected at the walls and may lead to reverberation.

The weight of air entering through the inlet port is not necessarily
the same as the amount of gas leaving the cylinder through the exhaust port,
hence both weight of charge and pressure may vary in the cylinder.

The flow accelerated in inlet and exhaust porﬁs represents inert masses
which interact with the mass in the cylinder. These masses represent a
second possible oscillating system.

The columns of gas in intake and exhaust ducts may themselves oscil-
late, representing the third possible vibrating system.

Upon opening of the port, the entering or leaving flow must first be
accelerated.

The following questions arise in this connection:

(1) What is the effect of the time required for acceleration?

(2) Is the kinetic energy of the exhaust capable of producing a
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pressure decrease in the cylinder, thus aiding scavenging, and how can
this be analyzed?

(3) The shape of the flow of scavenging air is significant for the
expuléion of the burned gases. Can this shape be determined?

(4) Residual velocity and swirl of the scavenging air is necessary

for combustion control. Can this motion be analyzed or predetermined?



-6
IV. PULSATIONS IN THE CYLINDER

Pulsations in the cylinder are produced by pressure disturbances at
the ports. These are reflected at the walls. Only low frequency vibrations
need concern us here.

The largest distance in the cylinder during scavenging exists between
pilston aad cylinder head. The gas in this space oscillates longitudinally
(in direction of the cylinder axis), and the system behaves like a pipe
with both ends closed.,

For this case the amplitude X is equal to twice the distance between
piston and cylinder head, i.e. twice the stroke.

A =2L

and the frequency

ma
L

oQ
o]
0

i

where a = velocity of sound in the gas. DIxpressing the engine frequency

in terms of the mean piston speed Cm
mn _ W0y
T L

—
B e—

engine 3

we obtain the ratio of gas to esngine frequency

Vgas __‘ﬂ‘a x L ___?._ - (1)
Vgt L ~¢c_ ¢ -~~~ -~ ~-°-°-77°7-°
engine m m

We see that the natural frequency of the gas is of the order of 100 times
the engine frequency. Kesonance is not likely to occur, especially since
the pressure waves are excited by only small portions of the cylinder walls,
(i.e. the ports). TWe conclude that the pressure in the cylinder is uniform
with respect to space, except for changes which are due to the motion of

the gas through the cylinder. It is not uniform with respect to time.
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¥. ACCELERATIONS IN THE DUCTS

Afterropening of the inlet port, the air in the scavenging duct and
part.of the-cylinder contents must be accelerated (Figure 3)? |

The first process is similar to that of flow from a pressufe vessel
into a pipe as in Figure L,

Neglecting entrance and discharge effects, we have Euler's equation

dw . _dw _ J.ag

a‘.-t. L Wé— = —é- ax ————————————————— (2)
Integrating along the pipe

ow o w _ dp .

at + -—é- = e » _Q-.- - e e ww e —- __________ (3)

P
If the flow is already accelerated we get with the steady state

velocity the usual efflux equation

w 2 g
-g-=-j%2 ---------------- ()
R
with w_ in Equation 3, we get
L e
/5’-’5 K =P e e e e - - o - (5)

This equétion holds also if there is a friction pressure drop in
the pipe.in which case Ws; the steady state velocity, is smaller than corres-
ponds to the pressure drop P, = P, without pressnre drop due ta friection.

We concluded befdre that propagétion waves in the cylinder had no effect
if the distances traversed were of the order of the stroke.

In dealing with short scavenging ducts, this will be true also for waves
in these ducts. (This is not true for long scavenging ducts or exhaust

ducts).
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Again the acceleration dw/dt is

pipe = and we have

1
ow _dw _ - aw
T g/ =l
P wz{)
. aw _ o~
e at - 21
and the solution
w_ b
w 0
;v-(;—tanh—————Ql

Boundary conditions

w=0at t=20

Figure 5 shows the behavior of the function tanh.

the function:

(1)

Approaches 1 asympbtotically

independent of the station in the

- e e m s s wm e ew e e

T . . T I

It is seen that

(2) Starts with slope 1 at origin

The acceleration at the origin, i.e. at the start of motion is:

ﬁ2

dw _ 0

at T 721
(o]

This represents an acceleration similar to the free fall.

Initial

acceleration is such that a particle would attain the velocity W after

traversing the entire tube. Actually this velocity is reached only

asymptotically, since other particles must also be accelerated (steady

state term of Euler's equation).

The distance covered by a particle is:
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t t

w ot

S = /w dt = w tanh e Gt = = = - - - — - (10)

o} 21 .

o) o
w ot
=21 1n (cosh -2 )

21
g wot .
- =2 1n (COSh ﬁ ) —————————————— (11)
1 ‘

In Figure 6 3/1 is plotted against wbt/Ql.. Te see that the first
particle, after traversing the pipe (8/1 = 1) has reached only 80% of its

final wvelocity.

.'+ A column of gas, accelerated by a constant pressure and flowing through
a constant cross-section attains 80% of its final velocity after traversing

a distance equal to the length of the column,
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VI. EFFECT OF VARIABLE PCRT CROSS SECTION

Flow through the inlet port begins as socon as the upper edge of the
piston opens the port. The free cross-section of the port varies, therefore,
during the opening period. Figure 7 shows the geonetry of the system and
the notation used.

From the simple continuliy equation we have

- . _I .
fx w, = fw 3 W =W
b4
With this equation (6) becomes
1 1
oW
X _ aw f
3% dx === f; e (12)
]
comparing (6) and (12), we see that the integral on the right corresponds
to a length
f -
F'dx" 17 TToT ST TS ESssmsss-s (13)
X
O

i;e. the effect of varying section is replaced by an increase in effective
length of the approach duct,

The integral may be evaluated graphically from a plot of i‘/fx vs. X,
as shown in Figure 8.

The question arises as to the effect of the ratio f/t. From consi-
derations of steady flow, we should conclude that the larger the area, the
less restricted the flow.

Consider two cases shown in Figure 9.

In the first case, denoted by (I), the total cross-section of the duct

fl is opened in time to‘
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In the second case, denoted by (II), half the duct cross-section f0/2
is opened tut during twice the period of time. In both cases Lhe product

of area and time is the same,

f

1 tO = 2— 2t0 """"""""""" (jll)

f

t
The flow through the area in Case I is Q = £y j ° wdt
t Q

[e)
and with j wdt =8 from equation (10)

o] w b

0 O
S 211ln (COS.h -—2——1—

w t
Q; =2 £, 1 1n (cosh ‘2’ 1° U (14.1)

For case II we have from equation (13)

1 1 P
_ f _ 1 _ 1
1, = il Bl
o 0
Equation (7) then becomes
' 2 2 2 2
dw __wo - W _Wo - v .
® "I, ST Tttt ommmm--- (19
. 1
with the solution
w wot'
F=tanh I 4 T T T T mmsmsmsm-= (16)
0
from which
21:0
fl ' fll woto
Qi =7 w dt = —— 1n (cos h ST ) - - -~~~ (17)

o]

In order to compare the two cases, Figure 10 was plotted.

Case (I) and (II) are seen to be different.
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In spite of the smaller cross-sectional area of Case II, more flow
enters the cylinder during the period of unsteady flow.

This result, in itself, does not necessarily mean that Case II resultis
in better scavenging., It indicates, howhver, that it is necessary to inves-
tigate the flow into the engine as a problem of unsteady flow.

Case 1II

The actual engine cannot have the shape of f. vs t relation shown,

1
since all opening and closing processes require a finite length of btime.

Ve, therefore, investigate the case of a triangular function fl vs., b
as shown in Figure 11.

Actual opening functions can always be approximated by a trapezoid

composed of a rectangle as in Case I and I and a triangle as in Case III.

fe then have
hi) t
i A R (18)
‘fl to
£ T3 £ %
W =F =5 F WS FZWSqg W - - mm e - - (19)
X 1 "x 1 o

where wk is the velocity in the duct during the opening period. For

equation (6), we get

1 1
E;wi t dw  w 1 dw
_a—*?,dx:(-t:.cﬁ'*?;) dx:_-i;(td_'b+w)
£ I Ly = i (w 2 W ) - (20)
dt T21 Ve T4/ TTTTToTTTTTTTT
with
E—:W
W
0




=13
The particular integral for the opening period is, with the bouncary -

conditions, f =0 at £=20

Velocity in thg port | S
o -
L = L - (22)

Yo NToR

. (prime denctes opening process)

Physically @ represents the ratio of the distance traversed at the
velocity of steadyvflowiwb to the length 1,

The velocity in the duct
i 1 s .
W= z—‘W,' (see Equation 19)

o

% o 1 +‘1 + o2

For the closing process, we chose a new origin for our coordinates,

------------------ (23)

as shown in Figure 12,

and write
to -1t
Wx = t W m e e e e e e s s e e e e - - (2)4)
[#]
of
@ EA-WI-W .. (25)
: (¢]

Boundary condition is that at t = 0 the velocity in the duct is
given by Equation (22).

o
m o=

.1+,1+m?

Velocity in the port = W' =

1/2 1/2

; (1Fx2)

X - (8 -t) (24 E)

- (26)

i to(;|'+ m2)1/2 . (to_f,)(1+ m2)1/2

(during closing process)
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The velocity in the duct is
t -t

—— o ___________________
W= £ (27)

These relations, (22), (23), (28), (27), aré plotted in Figure 13 for
different values of ™ as parameter.

From the graph we conclude:

(1) In the port, the velocity is constant during the opening period

and smaller than the velocity for steady state LA since both

+<1  and X <
¢]

1+ 1+

(2) In the duct the velocity is zero at t/t0 = 0 and increases with

t/to. For a given t/t0 the velocity is the higher the larger @ . For
L

1 -1—,’1+(J(2.|

very large o the second part ~» 1 and W becomes propor-

tional t/to.

(3) During the closing period, the port velocity increases with t/t0
and becomes very large for small (X and t/to -1, i.e. t -a-'to.

In that case, equation (26) becomes

2,1/2
oct (1 +&K°) +0

o= 2 ; = i .. (28)
0. 1/2
o "L to(l +K) Lo

The port velocity is always higher than the velocity of stecady state.

(L) The duct velocity increases to a maximum and drops to zero. The
maximum is lower and nearer closing (with respect to time) for larger 1
and lower w_ (velocity of steady flow in the duct).

Since the amount of flow Q is proportional to w dt, the area under
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the curves for W' represents flow. It is seen that for large O the flow

is approximately equal to the maximum flow, as given by the curve for

L= oo,
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VII. EFFECT OF THROTTLING IN THE INTAKE PORT

In order to permit flow from the intake (or scavenging system) into
the cylinder, an excess pressure must exist in the intake system. The port
then represents an orifice restricting the flow and it is in order to ask
what effect the throttling in this restriction has on the scavenging process.
This throtlling effeect, in general, includes the effect of all resistances
opposing the flow in the system and the following considerations are appli-
cable to the exhaust port and system as well as to the whole engine. The
analysis applies both to piston controlled ports of a two stroke engine
or the valve controlled ports of the four stroke engine. Figure 1l shows
the geometry of the system and the notation used.

The ideal velocity of flow through the port, assuming adiabatic flow

and validity of the perfect gas relation is
k - 1) 1/2

. Pi)———k
W= 42896 Ty |1 --(?: ------ (29)

Ahy of the possible approximate forms of this equation may be used if
applicable.

P, = pressure in the intake receiver.

Pc = pressure in the cylinder.

The ideal velocity is proportional to the isentropic enthalpy drop.
The actual velocity is smaller due to losses (reheat in turbine terminology).

A port efficiency can now be defined as follows:

_ isentropic A&H - AHloss “Hactual Hloss
=__ i = =1 - —-
isentropic & H £‘Hisentr0pic Hisentropic
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AH].OSS

The term NG represents the percent loss due to resistances
isentropic

in the system and shall be denoted by
(EER¥N

This expression is related to the efflux velocities since

= it A
Wi actual velocity ~w { Hactual

w_ = ideal velocity =~ \/ 2H,

isentropic

w OH ]

1._ actual - 1 - /\
w R \/

+] isentropic

Next we define a flow coefficient in the usual manner:

actual weight of flow _ Bactual

K= < - =
ideal weight of flow B ideal
actual weight of flow Ba = K Bigeal*
A and K are interrelated, since
A - AHactual _ work of isehtro_gic expansion ~ losses
: AHisentrcpic work of isentropic expansion
| k-1
. w R Tl P:. k
work of isentropic expansion = T—% ("P— -1
e

- k=1
w w P, k
w___:]__:Wac‘t.uaﬂ. = , 1-A =K { 1+A[(.§3:) - ]
o isentropic e

From which we obtain X in terms of A and the pressure ratio through

which expansion takes place.

§

Ly
[

1+ (;i)T - 1]
e
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This expression holds, of course, also for the flow through the engine
from inlet to exhaust receiver in which case Pi/Pc is replaced by‘Pi/PZ,
the ratio of intake pressure over exhaust pressure, K is then a volumetric
effiéiency. However, it is identical with the usually measured volumetric
efficiency only if there are no losses in the induction system ahead of
the intake port. For.this reason, we shall reiain the name flow coefficient
in order to avoid confusioﬁ.

Since both pressures can be measured and K be found from measurement
of air flow through the engine,/\ can be calculated.

The relation is plotted in Figure 15 (calculated from the foregoing
equation). The effect of pressure ratio is relatively small in the range
of pfessure ratios which occur in the engine. Even at a pressure ratio
of 2:1, i.e. with considerable boost, X is only 6% lower than for a pressure
ratiq of 1:1.

Remembering that /A is proportional to the flow losses, we see that
even with high losses, the flow coefficient is large. This is born out
by the experience that crankcase scavenged engines show good volumetric
efficiencies in spite of obviously unfavorable flow conditions (feather
valves ir_l the intake, low pressure towards the end of the scavenging period).
This conclusion is significant. From the standpoint of engine performance,
volumetric efficiency is the important item, since indicated power is directly
proportional to the airflow through the engine. The foregoing analysis shows
why attempts at improvement of performance by streamlining of ports and valves
have not yielded, in general, much improvement in performance. ihere such
an improvement is found, it is most likely due to changed swirl in the com~
bustion chamber, resulting in better mixing and combustion. This, in itseif,

is an imporblanl facbor, but does not concern the present investigation.
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On the other hand we conclude that a good volumetric efficiency does
not necessarily mean a satisfactory pressure in the cylinder at the begin-
ning of compression. The energy supplied by precompression of the intake
air ﬁay be largely lost iﬁ overcoming resistance.

The losses may be calculated from the foregoing relation 1f the tem-
peratures are known, since we have a case similar to the calculation of
blower losses from T-S diagram shown in Figure 16.

Assuming perfect gas relations
A2 T
Tl - TZ'

Tp = Tpy = LA (T) - Ty,

for isentropic change of state

k -1
T1 =(P1) k
T2| ng

k-1

P k
21
n = (22)
1

2 1 Pl .

k-1 k-1

P k P k
21 o1
T. = T (.__.._) = ts T 1 - (...._.)
2 1 Pl 1 P1
k-1 k=1
P k P k
2! 2
T .—.AT 1..(..._._) +T(.......)
2 1 P1 1 P1
k-1

P
= 2!
—-Ti A+ (1 -A) (-P—j__

where T2 is the actual temperature after throttling expansion.
The entropy increase due to irreversibility is a measure of the losses

and is given by



32—52, =CplnT-—

In general a detailed analysis will not be worth while and it is
suffiéient to estimate the magnitude of losses from Figure 15. For instance,
a neasured K = »,75 al a pressure ralio 1.3:1 corresponds bto a value of
A=k, ie. the losses amount to LO% of the isentropic work of expansion.
If this quantity is desired in terms of either Btu/lb or power, it can be
caleulated for any set of given conditions with the aid of Figure 15.

Summarizing it can be said that the velocity of the unsteady flow
is unfavorable from the point of view of engine operation., It would be
desirable to have high velocities at the beginning of the scavenging pro-
cess in order to accelerate the flow quickly. This is not actually what
happens. At the end of the proceés (closing) the velocity rises unneces=-
sarily.

It should be noted that, in this respect, crank case scavenging is
favorable, since there the pressure at beginning of the port opening is
high, resulting in high velocities and rapid acceleration. The pressure
drops as closing is approached, without a resulting decrease in velocity
of tha scavenging medium. This explains the relative efficiency of crank-
case scavenging. It should also be noted that the density was considered
constant, which is not true for higher Mach numbers. The results are,
therefors, of the nature of an estimate. The analysis of throtiling
effects shows that in spite of energy losses in the ports, high volumetric

efficiencies may be obtained.
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VIII. THE DYNAMIC BEHAVIOUR OF INTAKE, CYLINDER AND EXHAUST DURING
SCAVENGING AND EXHAUSTING.

-During the intake process, the air in the duct is accelerated by an

sssentially constant pressure in the charging system.

During the exhaust process the gases are accelerated by the cylinder

pressure, which decreases as the process progresses, Cylinder and exhaust
gas represent a system capable of oscillating.

During the scavenging veriod both intake air and exhaust gas take part

in the motion.
In order to estimate the dynamic effect of this process we neglect
(1) the variation in port opening due to piston motion.
(2) the flow inside the cylinder.
(3) the steady state term of the equation of motion
i.e. we consider only an oscillatory motion of intake and exhaust.

From Equation (3) we get for the inlet pipe (subscript i)

T o
.?L *a':b-——Pi-P ---------------- (29)

and for the exhaust pipe (subscript e)

: dw '
?elle ;ﬁ?'= P -Py m e e - - - e e - === == (30)

The change w%th time of the contents of the weight B in the cylinder of

volume V



=P

For an isentropic change of state
dp _ g 4B e e e e —
p - LT (32)

where B = weight of substance in pounds and with a =’%ﬁ , velocity of

gounds
a2=-}%£'
. 2
dp=md}3=-a—-9-d}3
QB B
2
dgp _a 94 -
¢~ B & 2~ TTTTTTETTEES (33)
With '
d8 _ B
E“Q—V(?lfiwi- 9fewe) ““““““““““““
2
a
e (8w -Q £ w) —me e (3h)
2 2 dw, 2 dw
dp_a i a e
-l w7 N tem - (35)
from (29) and (30) we get
aw. P, =P aw P-P
i i e e
= and TaeerY | e e - - (36)
dt :Lli dt 9e o
and with that
2 2 £ 2 9 f
d a ?i i a e g
=2 (P, -P) - % — (p-P) - =-=--- (37
at? V3L i LR e
2 2 iy f 2 ]t f
d a i e a i e
e o= 45— | P4+ == |==P, +=—=0P - - - - (38)
;}% v | 16] ] {11 17T e
2 21¢f f
dp a1 e 20 e e e e e e o
dtz + 5 [1. + 1 P+C=0 (39)
i e

or

) ml <3
e |
n
&S
+
PSS
Hy
1-'-—1 -
4
o Jo™
o
N
Q
I
o)
~~
(Y]
D
)
-~
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This equation is seen to be similar to that for a shaft clamped at
the ends, having a disc between the supports, as shown in Figure 17.

2

aco

I=—=+(C, +C)8=0 —ccmeeaao (Lo)
;,;? 1772
_ NJgy _ i dg coefficient

s — %= I, of stiffress ~ -~ "~ " " (L1)

1
(ses for instance: Reference 8, p. 122)

Coefficient.of stiffness = couple required to twist the shaft through
unit angular displacement. |

N = modulus of rigidity

J

1l

polar moment of inertia of shaft

Identifying terms in the second part of equation (3%a) we find
I |
¢=1

v
I =
m " 2

From this analogy, we write at once the frequency as

and

e

In order to estimate the duration of pressure fluctuation, we compare
the frequency of pulsation with the engine frequency
'y =Wn=vcm
engine =~ 30 S

where Cm = mean piston speed.

Using fp = piston area, S = stroke
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F = =%

p P

---------------- (L5)

1. 1

i_ e _
5 - Li 5 Le

v _ o |55
nA S . S (16)
Ve il m Ll L

The root is usually of the order of .2 to .7, the ratio a/Cm from

&0 to 100 so that approximately
’V/ye — X .b5 =115

or in degrees ——~§ 30 crank angle.

Pulsations in the Ducts.

Pulsation in intake and exhaust dﬁcts have been observed. They may
affect the flow through the engine materially. As a result the so called
"tuning of the exhaust system" is an imporitant step in the development of
exhaust duct and silencer systems.

In its simplest form the problem reduces to the oscillation of a gas
in a straight pipe, or, similarly the longitudinal vibration of an elastic

bar.
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IX. THE BASIC DIFFERENTIAL EQUATION

AN ELASTIC BAR.

- The notation for the following a

Let a disturhing force act on th

Jisturbance produces uniform stress in

is transmitted to adjacent particles.
If plane B is subjected to stres

-(P+-§d.x)

The force on the element of cros

A p-(P+—§dx)

This force displaces the particl
in direction of position x by a shift
Then in plane G, the shift is

—(u+-—-;dx)

(partials, since p and u are both fun

FOR THE LONGITUDINAL VIBRATION OF

nalysis is shown in Figure 18,
e section resulting in a stress P.

plane x = O which, by continuity,

8 P, then at C we have

- e e e mm e s e e e o wm omm e e

s sectional area A is

-A-?cm
X

es from their equilibrium position

u in plane B.

ctions of x and f)

It € = density, we get for the mass of the element

AQ

———

g

Q%

= acceleration
Y

dx = mass

Newton's law then gives

or

- s em ee we e e me em -

- e me e mm oem e me e e .
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The difference between the displacements (or shifts) for planes

B and C is

u - (u +au dx) = gi ----------- (51)

Writing the stretch of the material

?udx

€ = "a.{ dx ———————————————— (52>

and by definition

{negative sign indicates that element is under compression)

Differentiating with respect to x

2
Q_E = = L é——E ________________ (Sh)
o X axz
Substituting this into
S 9% _ = - EB__EQU ___________ (55)
G §t x ax
. 32u Eg 3211
ce 2 3=EL2 R e (56)
At G? x
.azu 2 3211
Za S 0000 e e m e mm e —m e - (56a)
212~ 34
Eg - . . . .
a= = velocity of propagation of disturbance in bar,
° as will be shown presently.
A general solution may be taken as being of the form
u=f(x~at) + F(x+at) = - cceeoa oo (57)
where f and F are arbitrary functions.
et F=0
Then u = f(x - at) LI I (58)

The function f(x - at) has a zero value at x = at. From this the rate

of propagation is
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where

The -vave travels in the direction of positive =x.
The equation .

u = F(x + at) =0 e e e e e e e e e e m .- - (60)
refers to a progressive plane wave travelling with velocity a in direction
of negative X.

Our solution is a complete solution, hence any displacement must be

made up of such waves as described.

Note that
gt is independent of velocity of shift :;%

f and F depend on boundary conditions and initial conditions
f is fixed by elastic properties
F is determined by nature of the disturbing forces.
The modulus of elasticity is not commonly used when dealing with
gases. We, therefore, express it in terms of thermodynamic parameters.

Modulus of Elasticity for a Cas

A particle of fluid has an initial volume of v = pressure p. Pressure
is increased to p + aAp. Volume is decreased to v - A V.

Increment in stress

i

A D.

Increment in strain = change in volume per unit, =

Modulus of elasticity
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d _ “
z—va-% - .._..._......_..__...__._...(62)
= - .................._.___ .....
.._..dv dp (63)

For isothermal state change

v =Cl
dp _ _p-
3{;- v
o.u E=p ———————————————— (6)4)

For an isentropic state change

In general

pvk=C2

-d;p_=—-lc—£

av v

E=kp = sememmme e e e e .o~ (65)
dp _ dp 4©

& T &

v -_-_--é:-L-é where © = density in _s_i_gi_.g_gt_s_

d _ _ &2

& -~P 8

E=0®L. e e e e o - (66)

Iy

With the expression (65) for adiabatic change of state, the velocity

of propagation becomes

Example:

a = Jg- =4 1—;3 ' where k = ng ------- (67)

Air at 1 atm. or 2116.8 ibs and 59° F

£t2
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© = .07651 bs/ft’

= 103 1.241 = 1115 fps

_ 1. x 2116 x 32.2
a= S07851

The effect of temperature is obtained by

pv = RT

)
i

L
ee

g RT

Vo

®
i

17225
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X. REMARKS CONCERNING THE LIMITATIONS OF CRANK CASE SCAVENGINGC

Crank case scavenged engines have been mentioned repeatedly before,
Besides, Lhe experimental work reported on later, was done with such an
engine,

It is, therefore, of interest to investigate the possibilities of
this type and to establish scome limiting design criterion.

Air is taken into the crank case through feaiher valves during the
up stroke of the piston. During the down stroke this air is compressed
until the piston opens the intake port. In other words, the engine piston
acts at the same time as scavenging and charging pump., No mechanical losses
are incurred due to the scavenging pump since all parts are basic engine
components, The overall mechanical efficiency of a crank case scavenged
engine is, therefore, high.

The geometry of the engine determines, within narrow limits, the
maximum scavenging pressure which is available. The crankcase must be
és small as possible in order to obtain a high scavenging pressure. This
in turn limits the amount of air which is available for scavenging.

Due to this limit on available scavenging pressure, high exhaust
back-pressure is particularly detrimental to the performance of this type
of engine.

The variables involved are:

Engine speed
Port dimensions
Exhaust pressure
Crank case volume is determined by cylinder displacement'and exhaust

pressure and thus not independent.
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A design criterion can be developed in terms of the parameters above,
as follows: |
The flow of scavenging air from the crank case to the exhaust port

is determire d by the pressure drop from port to port (intake to exhaust).

W = AK r =P, (1bs)
Ali/— i-—

element of time

dil

It

dt
A = port area
K = flow coafficient

P, = crank case or inlet port pressure

i
P e = exhaust backpressure
w " lbs 52
S = 5z demsity —=
& ft £t

In terms of engine speed and crank angle

() = angular velocity
n = engine speed (Rpm)

With that
X2

W= 3°Kr ’ - P doC (1bs)

dg and O denote, respectlvely the crank angle at which the inlet
4 ]
port opens and closes.,
For adequate scavenging this amount of air W must be a certain

ratio of the displacement volume.
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The weight flow of air through the engine in terms of displacement

and volumetric efficiency is

2
=" %;l x %
"), = volumstric officiency
D = bore
L = stroke

v = specific volume of air
Port area A 1s comnected with other engine parameters as follows:
Port width is a linear function of the bore D;
Port height increases linearly with stroke L and is a function of
crank angle K, .
Hence
A=CIL £ (&)
where
C is a constant
f () means function of Q(
Equating the two expressions for W and substituting 4, we find that,
besiﬁes constants and the integral expression, D and n are the only engine

design quantities which enter into the equation, We may therefore write:

0(2
= 30 K‘EG" £(K) | B, ~p, ax
v m‘
A2
Dn = C! £ () P, - P, aoC



The scavenging airflow is, then, proportional to the parameter In.
It may be increased by increasing the scavenging pressﬁre,'which is, however,
limited by the displacement of the engine. For a given engine stroke, it
is fixed. There remains the functional relation between port opening and
crank angle. Increased port height increases the airflow but also decreases
the useful compression space in the cylinder. The forsgoing considerations
indicate that there must be a practical upper limit of the parameter DIn
beyond which crank case scavenged engines cannot operate,

Typical values of Dn are:
Venn Severin Engine:

Bore 7 inches, Stroke 8 inches

Rated speed, 660 Rpm

Dn = 6.4 fps
Rumboldt-Deutz:

Bore 12.6 inches, Stroke 15 inches

Rated speed 310 Rpm

«  Dn=5.4 fps

For comparison the following values are given for the General iotors
blower Scavenged engine of the 71 series,

Bore }.25 inches, Stroke 5.5 inches

Rated speed 2000 Rpm

Dn = 11.8 fps.

The amount of air available for scavenging in the Eléwer scavenged
engine is about twice as large as for crank case scavenged engines at

comparable dimensions.
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XI.. ANALYSIS OF THE SYSTEM: RECEIVER, EXHAUST-PIPE, SILENCER

A typical exhaust system consists of a‘receiver close to the exhaust
ports, an exhaust pipe, and a silencer, as shown .in Figure 19.

For purposes of anal;ysis, we shall find an equivélen‘t pipe length
such that its natural frequency is the same as that of the configuration
of Vr and Vs and pipe. Besides the cross sectional area A of actual
and equivalent system shall be equal.

The differential equation of this system is, as before, Equation (56a).

2% 231.1 - -
=3 — - - - - = - = - (56a)

where a =)%P = velocity of sound.

Similarly we get an eQuation for the pressure

32__:232 ________________ 6
ﬁgaﬁ;% (69)

with the solutions

u= (A sinﬂ'iE + B cos 3%3 ) sin.%? X e - (70)
e e e.
p=a9°(A cos X2 _pgsint?@ )coslT— - - - (71)

e e e

These solutions are special forms of the general solution Equation (57).
The original systém and the equivalent straight pipe are actually

equivalent if a velocity at b and ¢ is accompanied by the same pressure

rise, i.e. |

N .
= = the same value for both systems.
33t T Y

Differentiating (71) we get for u
op/at
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_ . Tat maty . i
(A 51n-i—- + B cos T sin T X
u_ e e e
op/ ot » . "
T ! Trat? T
-3 f:o T (A sin ¥ + B cos T—)cos T
e e e e
X Tx
sin = ot ===
a _ 1e : 1e _ le
/9% -
X 2 2 L
cos T a po’ﬂ* a Po T
e e
1
e
at b with x == - 11
1 1
i e 1
cot = -—-—1) = cot ==
le 2 1 le
1
cot il
1 e
e TT e et em s e e am e mm e ew am o ae  ww e (72)
ot a 1
Qo €

This equation.is related to the design parameters of the system as
follows:

Assuming that the receiver is large enough compared to the pipe so
that the velocities in the receiver may be neglected, then the pressure
in the réceiver is equal to the pressure at the pipe entrance (station b).

The volume of gas leaving the receiver is
Vr
-4V = -~ EF; dpb =u A at

A = cross section of pipe

O _ WA

ot _( Vr)
b -
kPo‘
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Vr u
e (73)
kPOA D p/a t
b
Equating (72) and (73) we get
1
1
cot T v
e _ r
2 " kPoA
Po:: 1
e
with
5
2 T 17
a =— = kP =
Po le o} le
1 V. 1
1 r
cot =
I, L
and since
1
tg x cot x
11 A 1e
g Ma~ =g = e eeee—o-— (7h)
le Vr i
and similarly for VS
l2 A 13
L e e i (75)
1e Vs ™
Since l1 + 12 =1, we may now combine both equations (7h) and (76) and get
A A 1
el T
ew T = 5— = -mm-----=- (76)
e 2 1



: 1e = gquivalent length

1 = distance between receiver and silencer
Vr = yvolume of receiver

AVS = volunme of silencer

A = cross section of pipe

Equation (76) can be solved for the equivalent length 1, if the other
guantities are known,

For a system with receiver and exhaust pipe only but no silencer
Vg = ©Q (i.,e. the whole atmpsphere serves as silencer volume)and equation

(76) becomes

1e (
mamam e @y e ae ee ee AR e e R 77)
VI‘

sSix

teg o %—— =
(=]

where Vr = volume of receiver.
The natural frequency of the system using the effective length is

then

V:f—i or "é: a_ - _...........;.._...._(78)

° e e

where a = velocity of sound.

Which of»the two frequency equations is to be used is determined by
the behaviour of the system. The former equation holds for a pipe closed
at one end and open at the other. The second equaiion holds for a pipe
open at both ends.

The end correction to the pipe length amounts to only an addition of
0.41 D (where D = diameter of pipe). In view of other uncertainties, such
as the proper value for the exhaust temperature, this correction is negligible.

With Equation (78) in (77) we obtain



i _ & a -
tg;hi%l—,n m (79)

A JAN 2

Vf Vs Ekrg)

tgh 1Y = —— ... (80)
a° a®

LA 16??2 ’Vaz

1l -

Figure 21 shows a plot of the relation represeated by Equation (77).
The actual length 1 is plotted against the effective lenglh 1e faor
different values of the parameter V/A, i.e. rsceiver volune over pips
cross~-sectional area,

Figure 22 shows a different presentation of Equation (77). The right
hand porticn shows the effect of the parameter V/A on effective lengtn.

Since the ultimate object of the analysis is the determination of the
natural frequency of the exhaust system, the left hand side of Figure 22
allows us to pick values of frequency 1)0 for the configuration in question.
Velocity of sound is plotted as paraaetsr.

Equations (75) and (77) must be solved numerically for the effective
length le by substituting the given design quantities. This is greatly
simplified by assuming values of le and solving for the corresponding
actual length 1. Three or four points were found to be sufficient for
a solution by this method, whereas solving for 1e requires approximately
ten to twelve points. The sample calculation below shows the method.

Configuration: (See: experimental setup)

0.20 £3

i

Receiver tank volume Vr
Silencer tank volume V s = 0.20), _f"h3

Length of pipe (4" diameter) 1 = 12.3 ft.



A . -
T = e e
T s +cPh
(b +4)
1 e S Tr 277 1e
te = 7 T . 3
& \ A2 1‘3 1 - (.,019) le
L-vv 2
r's

Assume 1e = 20 feet

tgg—ﬁlz'bg .1571:%:- .8l

- »

tg™ (=.8L) = 139°
139 _
573 bt 2-)42
_ 22
1=~ 7= 15.L £

Assume 1 = 15 feet and repeat calculation
Result: 1 = 10.65

Agsume 1& = 17.5 feet and repeat calculation
Result 1 = 13.05

This example is shown in Figure 20,

It is at times desirable to express the exhaust system dimensions
in terms of displacement volume and stroke. The equations then take the
following form:

Z = _‘Q’E_Q = piston area

azZ = A = exhaust pipe area

Z x S = Displacement volume VD (where S = stroke)

b x ¥V =V, = receiver volunme
c VD = VS = silencer volume
dx 8 =1 = length of pipe
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XIT. QUALITATIVE EFFECTS OF EXHAUST SYSTEM CONFIGURATION PRESSURE

DEVELCPMERT AND ENGINE BEHAVIOR

Summarizing the foregoing discussions, the following efiects will
influence exhaust conditions:

(1) Inertia of the accelerated gas colwmn. 4&fter the port is closed,
tne inertia of the gas w#ill tend to maintain the velocity in the exhaust
duct which, in turn will lower the pressure at the port. Sudden expansions
in the ductl, such as recelver or silencer volumes decrease the velocity
and increase the losses. It is to be expected that large volumes are
unfavorable from this point of view.

(2) Free oscillation of the gas in the duct, excited by the pressure
wave from the port.

Several cases of oscillation are, in principle, possible.

(1) The exhaust system behaves like a pipe open at both ends. The
wave length is equal to twice the length (or effective length) of the duct,

and the frequency is

_ a
V= 21
a = velocity of sound
1 = -length of duct

At both ends there is a node. Since the pressure at one end is approximately
atmospheric or higher, the pressure in front of the port will also be high.
Such a system will be quite unfavorable. This case might be obtained with
large volumes near the exhaust port.

(2) The exhaust system behaves like a pipe with one open and one closed
end. The wave length is then four times the length of the duct and the fre-

quency is
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1} _ . a
RS

The pressure at the open ond is near atmospheric and higher at the
closed end. This is uniavorable., Since this condition exists in the case
of a simple exnaust pipe, 1t is to be expected thrat this configuration is
pOOT

In either case, a standing wave of englne frequency or aulliple of
engine frequency will result in high pressure at the port. This will be
reflected in a low volumetric efficiency of the enzine, which is a quantity
which can be messured without difficulty.

It nust be concluded that the exhaust system should not be in reson-
ance with the engine. If not in resonance, thers will be two cases possible.

(1) The pressure due to free oscillation in the pipe is incfeasing
at the time when the port is opening. This will increase the pressure
rise in the port over and above the value caused by tha sxhaust blowdown
and amcunts to an increased resistance and hence dscreased volumetric
efficiency.

(2) The pressure in front of the port is decreasing due to the free
oscillation at the time when the pért opens, thus aiding exhaust and increas-
ing volumetric efficiency.

It seems immaterial by what natural frequency of the duct this effect
is brought about. It must, theraforé, be concluded that it is important
to know and control the pressure developuent due to exhaust oscillation,
rather than to know and control the frequency. Since the expected effect
is a combination of inertia and resonance effect, great sensitivity to
cnangz2s in frequency of either engine or exhaust system is not to be

expected.
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The analysis shows that system frequency alone is not the determining
factor. The folluwing olher factors may influence exhaust behavior:

(1) Punctional relation between crank angle and port opening,

(2) TFlow coefficient of ths ports.

(3) Sudden expansion leszes in the transitions of dust bto recsiver
or silencer,

(4) Secondary oscillations in cylinder or tanks.
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XITI. EXPERIMENTAL SETUP

In order to investigate some of the wnclusions experimentally, a
single-cylinder, two-stroke Diesel engine with crankcase scavenging was
adapted for such use.

Figure 23 shows a schematic diagram oi the mechamical ecuipment used.

Adr is supplied to the outer crankcass ol Lhe eugline (See Plgurs 1
for principle of operation) by a Roots type blowsr. Airflow is measured
by means of a Rotameter type flovmeter, placed between surge tanks.

All tests were run with atmospherie pressurs in the outer erankeasa.
The pressure was adjusted by controlling the speed of the blower motor.

The exhaust system consisted of the exhaust elbow supplied with the
engine, a series of receiver tanks and silencers, and a flexible duct,
three feet in length, which prevented damage to the engine by thermal
expansion, vibration, or weight of the exhaust system.

The dimensions of the exhaust components tested are shown in Figure
2. Figure 25 shows the receiver and silencer tanks. Tank 1 and 1A are
identical., All tanks were fabricated in the shop of the ilechanical Engineer-
ing Department.

Engine ocutput was measured by weans of a General Electric, Sprague
type electric dynamometer.

Exhaust temperatures were measured by neans of a shielded iron~
consfantan thermocouple and a potentiometer.

A schematic diagram of the elesctronic equipment used is snown in
Figure 26, The instrumentation consisted of standard items commonly used

in engine studies (See Table A, "List of Data Concerning the Test Equipment"),
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The pressure fluctuations in the exhaust were picked up by a quartz
crystal element attached to a low pressure multiplier. This multiplier
consists of a diaphragm which, exposed to the pressure to be measured,
increases the sensitivity of the quartz element by a factor seventeen.
Figure 26 shows a schematic diagram of the instrumentation used.

The crystal signal was fed into an amplifier and from there into an
oscilloscope., The amplifier included a calibrating circuit.

A synchronizer andimarker was driven from the engine governor shaft
and used to synchronize the sweep of the oscilloscope with the engine speed.
The marker produced a pip on the trace of the oscilloscope to indicate top
dead center.

A camera was used to photograph the screen,

A zero line on the scree;w was obtained by shorting out the oseillo-
scope signal input for a short period by means of a manually operated micro-
switch,

All terminals and leads were carefully shielded to prevent disturbances
of the trace.

It was found necessary to orovide a separate ground for the indicator
equipment. This was accomplished by driving a pipe into the ground through
a hole iﬁ the floor near the test setup.

Figure 27 shows the remaining disturbance of the trace due to vibra-
tion and pickup. Elimination of this irregularity would have required
complete rebuilding of the amplifier and was not considered worthwhile.

Considerable difficulty was encountered in eliminating the effect of
engine vibrations on the electronic equipment. It was found necessary to

mount the cabinet, on which the apparatus rested, on tennis balls. The
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oscilloscope, camersz-mount and amplifier were, in addition, mounted on
shock mcocunts.

Figure 28 shows the engine on the dynamometer bed plate. Intake and
exXhaust are on the opposite side,

Figure 29 shows the inteke and sxhaust side of the sngine as wsll as
the dynamometer (left) and the variable speed drive for the blower and
one of the surge tunks., The thermocouple galvancmeter can be seen resting
on a stool. Receiver number one and the flexible connection are mounted
on the exhaust elbow,

Figure 30 shows ithe dynamometer and control panel with the test engine
flywheel barely visible at the left hand edge of the picture.

Figure 31 shows the air supply system: blower, two tanks and a flow
meter.

In the foreground the instrument table can he seen resting on tennis
balls (lower right hand edge of the cabinet). On the table (from right to
left) are seen: constant voltage transformer, amplifier, camera mount,
and oscilloscope.

At the right edge of the picture, the synchronizer and marker unit
can be seen (on stool) connected to the engine governor by an extenaion
shaft.

Figure 32 shows a closeup of the amplifier. The selector switch
(lower left) is in the calibrating position, the meter range selector
switch (lower right) is in the position: ieter Factor 1. In this setting
a sine wave of known voltage is put into the oscilloscope. The calibration
is shown in Figure 33, This voltage is read on the millivolt meter, upper

center, of the amplifier panel. In the test a calibration of 1 mV per inch
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deflection on the oscilloscope was used throughout, The calibration con-
stant of the quariz element is 3.1 mV per 100 1bs/in2 pressure. The low
pressure multiplier divides this pressure by a factor 17 so that the result-
ing calibratioﬁ is

100 psi
3.1 mV x 17

= 1,9 psi/mV

Hence a deflection of one inch on the oscilloscope corresponds to
1.9 lbs/inz. There are ten divisions to the inch on the oscilloscope
scrsen scale. lMach small division, then, corresponds to a pressure of
.19 1bs/in®.

The quartz element was calibrated by applying a constant hydrostatic
pressure of known magnitude and observing the oscilloscope deflection when
the pressure was suddenly released. The calibration was performed by
Mr. Chi-nan Hsu in the course of his investigation of the behavior of
pressure indicating elements. The calibration curve for the low pressure
range is shown in Figure 3lL.

The oscilloscope gain was kept constant throughout: Range: under
250 rms, gain Y-axis 30, x-axis 20. This x-axis setting resulted in a
trace length such that each 1/10 division on the screen corresponded to
10 degrees crank angle.

Figure 35 shows the marker and synchronizer unit., The left hand pro-
tractor allows the marker pip to be adjusted to any desired crank angle,
Throughout the tests the marker was set to indicate top dead center. The
pip was about one quarter of an inch wide. Its left hand edge indicates
the desired position.

Figure 36 shows the cylinder and exhaust port. The intake ports
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can be seen, inside the cylinder, opposite the exhaust ports.

Figure 37 shows a view into the cylinder through the exhaust port.
The port dimensions are as follows:

Intake: 1-1/8 x 1-7/16, 1-1/8 x 1-1/2, 1-1/8 x 1-9/16, 1-1/8 x 1-7/16
inches, (L ports).

Total port area: 6.3 in.>

Exhaust: 21-7/8 x 1-1/2, 1-7/8 x 1-1/8, 1-7/6 x 1-1/h, 1-7/8 x 1-1/2
inches, (I ports).
Total port area: 11 in.2

Figure 38 shows the piston. The pistqn crown serves as a deflector
baffle, directing the incoming ailr upwards.

Figure 39 shows a closeup of the quartz element mounted in the exhaust
elbow.

Figure L0 shows details of the quartz element. From right to left:
quartz element, low pressure multiplier body, diaphragm, retaining nut.

Assembly of the complete unit as seen in Figure 39 is as follows:

The retaining unit is screwed into the exhaust elbow by means of
a special spanner wrench. The diaphragm is then placed inside the nut
and rests against a shoulder. The body is then screwed in place with a
spanner wrench until it firmly clamps the diaphragm. The crystal element
is then screwed in until the pressure piston (top in Figure L0) is in
contact %ith the small hex-unit of the diaphragm., The shielded cable is
then screwed on., The cooling comnection in the multiplier body was not
used during the present experiment.

Qgeration

Both engine and electronic equipment were warmed up for 30 minutes
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before each series of runs.

A1l components were checked for proper operation and the amplifier
calibrated.

For each coniiguration three runs were made, one at idling load,
half load and full load. The speed of the engine was kept constant by
the integral engine governor.

After setting the dynamometer field to give the desired engine out-
put, the blower speed was adjusted such that the outer crank case pressure
was atmospheric, as indicated by a water U-tube menomster attached to the
crankcase.

The engine speed was then read with ccunter and stop watch.

Lfter this the trace on the oscilloscope was adjusted so as to fall
exactly on the center portion of the screen. The frequency and synchronizer
adjustment was turned until the trace remained stationary on the screen.

A picture was then taken exposing approximately for one half second with
the pressure trace, and an equal period with the signal shorted out, which
zave the zero line. Both lines were thus photographed on the same negative.

Since all records look similar, it was important to have a reliable
system of identifying each photographic record.

The following scheme was used:

Before each run, the run was entered into the test log and assigned
a serial number. This number was written on a file card (3 x L inches)

on which were recorded:

(1) Serial number
(2) Dark slide number

(3) Configuration (e.g. Receiver No. 1, Silencer No. l)
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(k) A4ir consumption

(5) Amplitier calibration

() FEngine setting (e.z. No Load, 1/2 Load, Full Load)

(7) Dynamometer load (1lbs)

(8) Counter reading at start and finish

On the same card, engine speed and brake mean effective pressure
were computed. |

The card was fastened to the appropriate side of the film holder
(4 x 5 inch cut film). In the dark room, film and card were put together
and punched with a small hand punch like two streetcar tickets. Since
no two punch patterns were apt to be alike, this afforded a positive way
of identifying record card and film., After drying, the serial number
was marked on the film with india ink and card and film filed in a card
file box.

The film used was Arrow Pan, D-19, high contrast developer.

Brake mean effective pressure was used to denote engine output since
this parameter is proportional to the power delivered per cycle. It is,
of course, independent of engine speed. In comparing the values of brake
mean effective pressures, it must be remembered that the test engine is
a two stréke engine. The mean effective pressure is, therefore, only
half that customarily expected of four stroke engines. The average
values were as follows:

Idling brake mean effective pressure 1.} lbs/in2

Half power brake mean effective pressure 17.0 lbs/in2

Full power brake mean effective pressure 30.0 lbs/in2
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The engine speed was held constant by the engine governor. The speed was
from 638 to 661 revolutions per minute. The constant speed operation
was the one ssriously limiting factor of the test engine, Lt was not
possible, at the present time, to remedy this situation.

The engine ailr flow was measured by means of a rotameter reading
directly in cubic feet per minute., The surge tarnks successfully elimi-
nated any fluctuation in the system in spite of tne low frequency and
large displacement volume of the cngine. It was found, in preliminary
studies, that a blower is necessary with arny rotameter measuring engine
airflow., ifithout an external scurce of energy the pressure drop across
the measuring element is so large that the float remains seated until
considerable vacuum is produced above it. It then flies from its seat

and performs oscillations hetween the two extreme positions.
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XIV. CALCULATION OF DATA AND PRESENTATION OF RESULTS

A sample calculation of the evaluation of engine data (Bmep, volu-
metric efficiency, engine efficiendy) and frequency of the exhaust systen
is shown in Table (C).

Values of the velocity of sound are based on measurements of exhaust
temperatures taken at the port and at the discharge to atmosphere, plotted
in Figure L1. The mean temperature and values of K (ratio of specific
heats) are listed in Table (B). The gas constant R was taken as that of
air, which is permissible for Diesel engines because of the large amount
of excess air.

Observed and calculated data are collected in Table (D). In the
last column, the ratio of exhaust system frequency over engine frequency
is listed.

The volumetric efficiencies for each series of configurations are
plotted as a function of brake mean effective pressure in Figure L2 to L7.
| The important photographic records of pressure in the exhaust near
the port as a function of crank angle are appended. The basis for selection
is described below. On each record the zero pressure line and top dead
center mark was recorded photographically together with the pressure curve.
Crank angle marks were drawn into the negative with india ink and thus
show up on the print.

The cycle progresses; on all records, from left to right.

Top or bottom dead center is indicated by the left hand edge of the
marker pip. The letter code used is as follows:

B

bottom dead center

T

i

top dead center
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EO = exhaust port opens

IC

il

inlet port apens
EC = exhaust port closes
‘IC = inlet port closes
In terms of crank angle the points occur (See Table A}
E0 = 84.5° BBC (before bottom dead center)
10 = 66.5° BEC ‘
IC = 66.5° ABC (after hottom dead center)
EC = 814,57 AHC
Jn each photograph the serial number of the test run is shown which
allows quick cross reference with Table (D) in whieh all pertinent data

Tor each run are collected.



~5ly—
XV. DISCUSSION OF TEST RESULTS

The following data were obtained:
(1) From dynamometer:
Brakes mean effective pressure
Zngine speed

(2) Prom air flowmeters:
Engine air consumption

(3) From electronic pressure pickup and oscilloscope:

Photographic record of exhaust pressure near the port as a
function of crank angle,

These data were taken at three different brake mean effective pres—
sures and approximately constant engine speed. Exhaust temperatures were
measured as function of brake mean effcctive pressure (see Figure L1) and
used to svaluate velocity of sound for use in the frequency equation.
Results are tabulated in Table B. .

Sample calculations are shown in Table (C).

Experimental and calculated data are summarized in Table (D).

The table shows volumetric efficiency, effective length, and natural .
frequency of ﬁhe exhaust configuration as calculated by the method outlined
before. .The frequency is based on the equation for the pipe closed at
one end, open at the other.

Volumetric efficiencies are plofted for all configurations investigated
as a function of brake mean effective pressure in Figure L2 to L7.

Table (E) shows the reproducibility of values of volumetric efficiency.
In view of_the fact that measurement of air flow into single cylinder engines

of large displacements are difficult, the results are quite satisfactory.
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All plots show that the effect of brake mean effective pressure is
relatively small. There are, however, definite trends discernible.

An exhaust pipe without receiver or silencer (Figure (Lj2) shows a
sligﬁt increase in wvolumetric efficiency with increasing brake mean
effective pressure. The absolute value of volumetric efficiency is of
the order of .75,

Addition of a silencer, but no receiver, produces a marked sensi-
tivity to changes in bmep, and a rising characteristic.

A comparison of calculated exhaust system and engine frequencies
(Table D) Serial No. Lk to 52, shows that the volumetric efficiencies
increase with decreasing system frequencies, IMaximum values of volu-
metric efficiencies are found when the exhaust system frequency is appro-
ximately one half engine frequency. These optimum values are obtained
with silencer No. L with a ratio of silencer volume to engine displacement
of 1 to 11.6 which is in agreement with recommended practice. The result
indicates that the necessarily high velocitigs in the exhaust pipe near
the port are not detrimentalvto the volumetric efficiency if the system
frequency is near engine frequency. The mere effect of gas inertia is
not sufficient to produce good volumetric efficiencies.

The great sensitivity of the system to changes in bmep makes this
configuration undesirable,

The configurations with receiver 1, 2 and 5 give consistently high
volumetric efficiencies (Figures L3, Lk, L6), and relatively little change
with mean effective pressure.

Configurations of pipe and silencer (Figure j2) receiver 3 and L,
Figure U5 and L7 show low volumetric efficiencies throughout, accompanied

by falling characteristics.
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It becomes at once apparent that two configurations, made up of
identical components, but in interchanged positions (e.g. receiver 1 and
silencer L do not have the same characteristics., To facilitate comparison,
Table'G has been prepared. Included in this table is the ratio of volu-
metric efficiency for the configuration to that of the pipe alone. This
number indicates the relative improvement. It is seen thal addition of a
silencer to the pipe ;always results in an improvement. This was to be
expected since the silencer reduces the frequency of the exhaust system.

A large receiver near the port may, on the other hand, produce a high back
prassure due to the sudden expansion of flow. The most striking example

of this effect is presented by the configurations: receiver 1 and silencer
3 as compared with receiver 3 and silencer 1. The former configuration

has volumetric efficiencies of the order of .9 to .92, i.e. high and increas-
ing with mean effective pressure. The latter configuration has efficiencies
from .67 to .62, i.e. materially lower and decreasing with increasing meaﬁ
effective preséure. This behavior is not at all prediéted by the analysis
of system frequencies, since in the calculation the two systems are iden- -
tical. The case in hand illustrates well the limitation of the concept

of "tuning" an exhaust system on the basis of frequencies only.

It is in order at this point to inspect the records of measurement
of pressure as a function of crank angle. The case under discussion is
represented by serial number 31 and 82 of the collection of photographic
records. FKach photograph represents severai cycles, The trace, therefore,
appears blurred. The cycles give essentially the same trace.

The straight horizontal line represents zero pressure (atmospheric).

The vertical lines indicate crank position and port timing.
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Following through the cycle, beginning with top dead center and
moving towards the right we find on Serial_No. 31 (receiver 1 and silencer
3) positive pressure near top center. In serial ilo, 82 the pressure is
equai in magnitude, but negative. In No. 31, the pressure is decreasing
as exhaust opening is approached, in No. B2 the pressure is rising, In-
specfion of all other‘records shows that the behavior of the pressure curve
prior to exhaustlport opening determines to a large extent the volume tric
efficiency. If the pressure caused by free oscillation in the exhaust
system is increasing before the exhaust and scavenging period, the pressure
throughout the scavenging period is high and the volumetric efficiency low.
The absolute amount of pressure at the time of port opening does not affect
conditions materially. This was expected and explained before.

An attempt was made to determine the actual frequencies of the frée
‘oscillation, from the photographic records. The results are listed in
Tables (F) and (G). Agreement is, as a rule, not very good. This is due
to the difficulty in evaluation of the photlographs., The small scale fluc-
tuations make extrapolation of the free oscillation hard and often impossible,
especially in case of low frequencies.

The ‘diserepancy between the calenlated frequencies, which are the
same for a given configuration, irrespective of interchange of tanks, and
the measured frequencies can be explained as follows:

In the present setup, receiver and silencer tanks were installed with
their long axis normal to the exhaust pipe, (see Figure 25). The tark
itself represents a pipe capable of oscillations perpendicular to the
oscillation of the exhaust line. Because of their.short length, the

natural frequencies are relatively high (approximately 250 cycles per
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gecond for receiver 1, 91 ¢.p.s. for receiver 5J.

This oscillation in the tanks may materially change ilhe behavior of
the exhaust system by affecting the pressure at the point where the exhaust
entefs and leaves the tank, This effect is superimposad on the pressure
rise due to sudden expansion. Depending on the resultant pressure, a
configuration may show a behavior not predicted by frequency analysis. It
is interesting to note the frequency of the small scale fluctuation during
tha period of closed exhaust port is of the same order of magnitude as
the natural frequency of the receiver tank. No such fluctuations are
observed for the pipe alone or pipe and silencer., (Due to a malfunction
of the photographic setup, no photographic records are available of the.
bulk of the runs of ﬁipe and silencers. 'What records exist show the effect
as indicated).

The difference in behavior of the configurations discussed is certain
indication that the described effect was present. oSince it influences
both pressure and phase relations, it seems worthwhile to investigate the
possibilities of exhaust control in this manner. It is likely that the
interference between oscillations in the system is also the key to the
adaptation of the present single cylinder analysis to multicylinder problems.

Further study of the photographic records brings out additional
points of interest.

For the sake of simplicity and in order to facilitate cross reference
with Table D, the photographs are identified by their serial number rather
than individual figure numbers.

Serial No. 26, 27, 28 show configuration receiver 1, silencer 2, at
three mean effective pressures. The records support the statement that

the effect of this parameter is moderate. The configuration is favorable,
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as indicated by the hizh volumetric efficiency. From a practical point
of view, the configuration is attractive since an appreciable gain in
volumetric efficiency is obtained with relatively little addition in
weigﬁt. It is well known to operators of two-stroke motor cycles that
glimination of the muffler and, worse yet, the tail pipe, results in
great decrease in performance and that only relatively small mufflers are
sufficient.

Serial No. 107, 108, 109, configuration: silencer 5 and pipe shows
a case of decreasing volumetric efficiency with increasing mean effective
pressure, The large receiver results in very small pressure fluctuations.
This in itself is seen to be of little importance. Other configuration
show higher efficiencies in spite of high pressure peaks.

Serial Ho. 51 and 52 show the same components but interchanged pipe
and silencer No. 5. The large pressure peaks characteristic for the pipe
alone or small receiver is clearly visible (compare with Serial No. L0,

38 for receiver 1 and pipe, Serial No. Lk, L5, L6 for pipe only).

Serial Ho. Lli, 45, L6 show pressure against crank angle for the pipe
alope, without silencer or receiver. Pressure fluctuations are very
large and the pfessure is positlve and high throughout the scavenging
period. TFor high mean effective pressure (Serial No. L6) exhaust blow-
dowvn accelerates the flow in the pipe very rapidly (note steep pressure
peak immediately after opening of the intake). This, in con,junction with
the high scavenging pressure at beginning of scavenging, results in inertia
scavenging, as described before. As a result, the pressure becomes negative
well before the intake closes, with a resulting slight improvement in

volumetric efficiency.
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The following conclusions can be drawn:

The frequency of the exhaust system is much higher than the engine
freguency, roughly four times.

The exhaust pressure due to free oscillation in thepipe is increasing
just when the exhaust port opens. This always results in poor volumetric
gfficiency.

Low pressure towards the end of scavenging is rather ineffective in
improving volumetric; efficiency and is unable to counteract the high pres-
sure during scavenging.

Serial MNo. 59, 60, 61 represents configuration receiver 2 and pipe
only. This arrangement shows the highest volumetric efficiencies of all
investigated cases. Exhaust frequency is of 70 percent of engine fre-
quency. The pressure is low throughout, even though negative only during
the last portions of scavenging. The frequency of the receiver is high
and does not interfere with the system. At high mean effective pressure
(Serial No. 61) a sharp short oscillation after bottom center is probably
due to receiver oscillation and aids scavenging.

Serial No. 65 and 67, receiver 2 and silencer 3, shows that the
general character of pressure developmenl 1s maintalned, except for some-
what stronger high frequency oscillations nesar bottom center. System
frequency is équal to engine frequency. The wolumetric efficiency is
decreased, as éompared with the previous case.

Serial No. 61 (reéeiver 2 and pipe only) and 70 (receiver 2 and
silencer li) are compared to show that there is not necessarily a defi-

nite ratio of exhaust system frequency to engine frequency, which resnlts

in good or bad performance. DBoth cases have approximately the same
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volunetric efficiency (.96 and .95). The frequency ratios are ,72 and
.98 respectively. The general character of pressure development is the
same in both cases and hence the volumetric efficiency.

Serial No. 70 (rsceiver 2, silencer L) and 73 (receiver 2 and silen-
cer 5) chow otill the same gzeneral avpearance. The large silencer, however,
raises the pressure slightly throughout scavenging, most likely due‘to
increased losses of sudden expansion in the silsncer transition. A4s a
result, the volumetric efficiency is lowersd.

From the practical point of view, this permits an important conclusion:

Installation engineers tend to be conservative and, in caée of doubt,
select oversize equipment according to the principle that much helps much,
In the case of silencers, as is seen, that may not be the right thing to
do.

Serial No. 77, 78, 79, receiver 3, pipe only, for three mean effect-
ive pressures, is presented to show again that generalizations are not
permissible: receiver and pipe only must not be considered a good inslal-
lation purely on the basis of similarity in the geometry. The present con-
figuration shqﬁs a pressure curve more similar to the case of a pipe wiﬁh—
out receiver and has the correspondingly low values of volumetric efficiency
(65 to .73).

A1l combinations involving receiver 3 are poor. This cannot be due
to sudden expansion losses since larger receivers show better performance.
The pressure is high throughout scavenging, rising already before opening
of the exhaust to positive values. At high mean effective pressure, low
pressure develops near the end of scavenging, resulting in a noticeable

increase in efficiency. It is also conspicuous that the efficiency is
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the higher, the smaller the amplitude of high frequency oscillation,
again verifying the contention that transverse oscillations of the
receiver have a powerful effect.

‘Serial No. 112, 115, 118, configuration: receiver 5 with silencef 1,
2, L respectively show again that the receiver controls the genersl char-
acteristic of the pressure curve. From the practical point of view, large
receivers are, of course, undesirable, and the presenf investigation shows
that they are unnecessary.

Serial No. 25, 28, 31, 3L, etc to 120 show the nressure curves for
all configurations investigated for maximum brake mean effective pressures.
They are presented to complete the record. Ietailed diseussion does ﬁof
bring out new points and is, therefore, omitted. For the same reason, not
all photographic records, representing other values of mean effective pres—

sures, are included in the report.
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V1. SUMMARY OF CONCLUSIONS

Comparison of analysis and experiment shows clearly that exhaust
behavior cannot be predicted on the basis of any one analysis, such as
frequency analysis, alone. The order oi magnitude oi wvarious effects
is similar and the interaction of these effects determines, the result.

Two basic conclusions stand out:

(1) 'The receiver controls the behavior of the exhaust system.

(2) The overall pressure characteristic is not determined alone by .
system frequency and its relation ® engine frequency.

The present investigation has shown in many cases what trends are
to be expected and has shown the need of mors information on a number
of phases of the problem. Future research must clarify the following
points:

(1) Effect of engine speed, i.e. investigation of high speeds and
variable speeds.

(2) Effect of orientation of receiver and silencer tanks, i.e.
effect of secondary oscillations and their interaction with engine and
system oscillations. This requires élso an investigation of pressure
development along the axis of the exhaust system.

(3). Investigation of multicylinder effects. This probably is
closely related to the problem outlined ﬁnder (2).

(L) ZIevelopment of better instrumentation for investigations of

this nature.
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TABLE 4 .

L1ST OF DATA CCONCERMING THE TEST EQUIPYMENT

CrinipE 2
A as

m

CaEa YENN SEWERIN, LODEL ML, SERIAL 9. 83757

Tep0r SINGLE CYLINDER, TWO STROKE, CRAMKCASE SCAVENGED

uRE s 7 INCHES, STROKE: B InCHEs, DISPLACEVENT YoLUMES 308 INB = L1758 FT3
SLfED PCHER: 20 3rpP AT 650 RPu

SPFLED3 GOVEIRMOR CONTRGLLED; 550 ke

0

Tar wuET PCRT CPEDS, 34,5 BEFORE BOTTCH DEAD SETER
. =0

JHLET OPENSS 65,5 BEFORE BOTTOL DEAS CENTER
‘ )

{HLET CLOSES: 66,5 AFTER EQTTLM DEAD CENTER
- .0

EXSAUET SLUSES: 34,5 AFTER BOTTON DEAD CENTER

| TAKE SYBTEM: (MOT PART OF ENGINE)
ELOWERS SUTORBUILT UODEL 6H, POSITIVE DISPLACEMENT ROTARY SLUWER
SEIVE: STERLING SPEEDTROL, HO0DEL KFE, VARIASLE SPECD: ©00 10 1200 R

FLOWMETER: F1SHER PORTER FLOWRATOR, SER, JJ9=-2925, CALIBRATED IN CUBIC FIET RPER '3INUTE
OF AIR,

SURGE TANKS3 STANDARD (ASME) AIR PRESGURE TANKS
LYNAMOMETER: GEMNERAL ELECTRIC {SPRAGUE TYPE), CAPACITY 150 8MP AT 3500 Reu
BEAN SCALE, REVOLUTION COUNTER; STOPWATCH

IXHAUST THERMOMETERS

ALMOR SHIELDED THERMOCOUPLE
( 1RON=CONSTANTAN) WITH LEEDS NORTHRUP GALVANCMETER, SERiAL No. 313538

LLECTRONIC PRESSURE IND)CATOR

BWAMUFACTURER: COMUERCIAL RESEARCH LABORATORIES, DETROIT, WICHIGAN
PRESSURE ELEMEMT: COX TYPE 3, SERIAL NC, 1308 (PIEZOGQUARTZ ELEVENT)
AMPLIFlEé: CoX TYPE 2, SERIAL Mo, 1061 AMPLIFIER

SYNCHRONIZER: MULTIPLE CCONTACTOR, TYPE V|, SERIAL NC. 149
USCILLOSCOPE :  DUMONT TyPe 2088, SeriAL MNo, 6967

CONSTANT VOLTAGE TRANSFORMER: SoLa TYRPE 30, SERiIAL No, £91082

RECORDING CAMERAS SPEED GRAPHIC, KODAK EKTAR F 4,7, 123 t,
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TABLE (&)

JAEAN EXHAUST TEMPERATURES AND VELOCITIES OF SOUND USED IN EVALUATION

OF EXHAUST SYSTEM FREGUENGIES

CAHAUST 16 ABSUMED TO R/

UE THE GAS CONSTANT R FOR Aln = 53,3,

TELPERATURES FRCY FI1GURT (471)
T 1
3uEP o K ge éis
5 R FPS
125 650 14270 1190 287
17,0 725 1.250 1250 312
31.0 750 12245 1300 324




TABLE (C)

SAUPLE CaLCULATION

33000 X BHP
A oA Lt

prEp -
LAMN

SCALE FORCE 2 RPA
-3
5 w7
12 4

4P =

¥ 3000

STROKE = 8 |NCHES

-
it

i)
PIE&TOMN AREA _Z_

=
]

D = 7 INCHES

DYNAMOMETER CONSTANT = 3000

g = 0,431 SCALE FORCE

yz - cri _ CF3
7 y_ RPu 2178 RpPw
D
CFM = AIR CONSUMPTIOM FROM FLOW METER

3
VD = DI1SPLACEMENT VOLUME OF ENGINE = ,178 =7

FREQUEMCY OF ENGINE .

VL

e 60

FREQUENCY OF EXHAUST SYSTEM

N L

o 4le

a4 = VELOCITY OF SOUND = ’lc g RT = 41.4 ’ k T

8 1S5 CALGULATED 1IN TABLE (E) FOR OBSERVED EXHAUST TEMPERATURES,

le FROW EQUATIOM {76) AND DIMENSIONS FROM F1GURE (24)



COLLECTED EXPERIMENTAL AND CALCULATED DATA

-

TAZLE (D)

y - = RECEIVER TANK

(8

VOLUNMETRIC EFFICIENCY

4) = [MGINE FREQUENCY
e

44 = EXHAUST SYSTEM

Vs = SILENCER TaNk: 1e = EFFECTIVE LENGTH o
- FREQUEMCY
$E R CONFIGURATION - BMEP AR CoM~ peu
?A\L Vﬂ Va LBs sumpimm 2:2 y?v r]:? 2“{2 %//Ve
0. NO» NO. 2 FT3/M1M
Vi
44 PiBE Oniy 1.4 f2.5 £50 10,82 ,711 12,3 24.2 2.74
45 # " 16,9 32,0 648 10,3 2710 12,3 25,4 2.35
A6 " " 30.2 83.0 541 10.7 .725 12.3 26.4 2.46
47 " it 1a3 85,5 654 10.88 ,735 12.3 24,2 2,23
48 " " 17,0 86,0 639 10,62 ,756 12,2 25,4 Z2.49
49 " » 30,0 86,0 640 10.65 ,755 12,3 26,4 2,48
137 PiPe & 1 1.2 91,0 649 10,8 . 783 32,0 9,28 0,360
1338 " & 1 15;9 95,0 &46 10,78 .325 32,0 9,75 0,916
139 " & 1 27.5 101,35 640 10,65 ,890 32,0 10,11 0,950
134 PIPE & 2 1.3 91.0 650 10.82 .785 42.0 7.06 0.652
135 " & 2 16,3 95,5 646 10,78 ,830 42.0 7.44  0.691
136 " & 2 27,0 102,0 641 10.7 .890 42,0 7,72 0,721
131 PIPE & 3 1a2 94,5 646 10.78 ,820 54,0 5,50 0,510
132 " & 3 16,3 98,0 645 10.75 .855 54,0 5,79 0.537
133 " & 3 27.1 106,0 635 10.5 ,935 54,0 5,00 0.566
128 51PE & 4 1.3 91.0 650 10,82 .786 62,0 4,79 0.446
129 " & 4 16.7 96,5 645. 10.8 .835 62,0 5.04 0,466
130 " & 4 1 27.5 110,0 631 10,5 2977 62.0 5,23 0,498
.50 PIPE & 5 1.3 95.5 846 10,78 ,830 76.0 3.91 0,363
51 " & 5 17.5 94,5 646‘ 10,78 .820 76,0 4.1 0,332
52 " & 5 29.5 94.5 645 10,75 .820 76,0 4,26 0,396

THESE DATA ARE PLOTTED iN

Fieure (42)



70

Taslr (D) = <O TIHUED

L7 Re COMFIGURATICN ElIEP AIR CON- RPM
, S v le No &)

| AL 't v ) SUNPTION e a/

o R 5 Las . _ cP§ v FT ces  o/A

e o, 0. N £ fain
a8 1 & ®IPE Ta'l T, G 55y Tial »OBU J2.0 9,28 LE8s
3% 1T & " 16,4 101,07 648 10,8 2875  3Z.0 9,7% 0,903
40 To&E " 30,8 107,06 54% 10.73 2880 32,0 1C,71 Oa 941
23 1 1 a3 11120 655 10,9 23571 17.C 1747 1280
o4 k! i 17,7 11,0 859 1.0 048 17,0 18,38 1.587
25 1 1 31,8 111,0 641 10,7 2867 17,0 19,08 1278
25 1 2 (P 109,53 554 10,£3 294 1.0 14,17 1,30
27 1 2 16,5 109.,5 549 10.8 2950 21,0 14,89 1,378
&8 ol 2 3t.2 111.6 D45 1€.78 L0685 21,0 15,42 1,432
29 ] 2 1.8 1C4.5 &5 1C,86 2903 24,0 12.38 1,140
30 i 3 T6a1 104.2 €47 10,79 L8006 24,0 13,00 1,202
31 il 3 30,1 Ctn4L8 A39 10,462 €20 24,0 13.50 1o 27
32 1 4 1.5 105,0 654 10,89 2900  24.6  12.08 1,110
33 i! 4 1648 105,0 649 10,8 ,909 24,6 12,70 1,165
34 1 4 30,2 105.0 648 10,8 » 210 24.6 13,1 1,220
37 it 5 1.7 1110 655 10,82  .950 25,2 11.80 1,080
35 1 5 17.0 111.0 550 10,82 ~ 960 26,2 12,40 1.943
35 1 5 30.0 111.¢C 649 10.8 » 960 26,2 12.84 1,190

THESE DATA ARE PLOTTED In FIGURE (43}
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TABLE (D) = CONTINUED

SER= CONF 1GURATION BuEP AR COp= RPYM 1
Y ?7 le ‘4)0 e
v

v Y SUMPTICHN e

. R 8 Los 1 cPs FT crs o/ e

HOas . . —_— 3 ' .

. NOe FOa m2 FT°/un

59 2 & PPt 1.5 107,0 651 10,86  .921 42,0  7.06  0.650
0 2 " 1640 109,0 649 10,8  .944 42,0 7,42 0,586
&1 2 & 30,2 11040 '3 0.7 L0850 42,0 7.72  0.721
62 2 9 Tad 101,0 561 11,0 2856 21,0 14,13 1.236
€3 2 1 16,5 104,0 48 10,8 ,9006 21,0 14,89 1,380
&4 2 1 30,2 10640 647 10,79  ,920 21,0 15,42  1.432
55 2 3 1,4 99,0 654 10,89 ,850 30,5 9,74 0,895
65 z 37 16,7 99,0 850 10,82 . 855 30.5 10,20 0,942
67 2 3 29,5 103.0 £44 10,72 L,900 30,5 10,61 0,990
&8 z 4 1.4 - 101.5 645 10,75 .879 31,5 9,43 0,887
69 2 4 16,7 102.5 654  10.88 ,880 31,5 9,91 0,913
70 2 30,3 107.0 633  10.33  L,950 31,5 10,30 0,977
71 2 5 1,4 101.0 650  10.82 ,871 34,5 8,61 0,795
72 2 5 17,0 101,0 646 10.77 2876 34,5 9,04 0,840
73 2 5 29.3 104,0 g4z 10,70 2910 34,5 9,40 0.878

THESE DATA ARE PLOTTED IN FieureE (44)
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TaBLE (D) = ConTIUED

SER= SOMF | GURATION 5IEP ALR 0= /P ,\) 1

paL Y Y SULRT IO e 7 © VO 4) /,,j

o R s LS 5 crs v £y cPs o/ %

SO, - MU . Fro/om

74 3 & PIPE 1.4 77.C 653 10,68 »EH £4.,C 5,50 23,506
75 3 " 16,5 745 645 10,72 &M 24,0 5,78 C,5837
75 3 ! 30,7 22,0 645 0,7 , 723 54,0 5,00 0,555
77 3 " Tud 75,0 651 10,86 . 6486 54,0 550 0,497
78 3 " 17.6 78.5 542 1C,70 L,A3E . 54,0 5.78 0.540
79 3 " 30,2 34,0 &45 16,75 ;730 =4,0 6,00 0,558
50 3 4 1,3 77.0 549 10,30 ,5666 24,0 12,38 1,145
81 3 1 17,4 71.8 647 12.79 020 24,0 13.C0 1.2048
32 3 ¥ 0.5 59,0 629 10,49  L&16 24,0  13.50 1,290
83 3 2 1.3 78.5 855 10,90 2,674 30,5 9,74 0,894
34 3 2 17,1 75,5 659 11,0 » 844 30,5 10,20 0,627
8% 3 Z 30.2 73.0 539 12,62 o 544 30,5 1C.61 1400
86 3 kS 1.3 33,0 552 1C,37 .713 37.0 8,04 0,740
67 3 B 16,8 79,0 6548 10,8 +685 37,0 3,43 0,73C
38 3 4 - 28,96 76.5 642 10, 7C 687 37,0 8.71 0.815
89 3 5 143 57.0 50 16,82 2491 41,3 7.20 0,665
30 3 5 17.0 58,5 645 10,78 R A1.3 7.56 0,703
91 3 5 20,5 54,0 652 10,88 ,465 41,3 7.80 0,716

" THESE DATA ARE PLCTTED IN FIGurE (45)
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TABLE (0) = CONTINUED

{EF- CoAF i GURATION BuER AR (0N~ ney 47 57 1
- ' \ BLUPT 0N e e Q
r’;i‘L e ,’s LBS . tow g ¥ Fr CPS o/ "é
- G- NO - 2 FT /i
1
2 4 &k PIPY Ta3 82,4 555 154G L7035 E2,9 5,75 C.. 440
93 4 " 16,3 77,0 645 10,73 , 370 EZal 5,04 0,468
jors 4 " 29,5 TEE 538 .32 G655 62,0 5.23 o137
9% 4 i 1.3 92,0 G659 10,82 2 795 2455 12,0¢€ 1114
36 4 il 18s 5 82,5 644 10,72 ,720 24,6 12,70 4,182
27 4 1 3C.3 £0,0 33 16,52 2705 206 13,19 1,220
28 4 Z 123 975 652 10,88 2796 31,5 2,42 0.379
39 4 Z 1545 37.0 45 12,73 L7580 21,5 9.97% 0.524
100 4 2 29,56 80.0 552 10.88 .890 31,5 10,30 0.947
101 4 3 Ta3 G4 D 652 11202 8301 3759 9,04 0,729
132 4 3 173 8840 5486 10,78 2 785 37,3 8,43 0,782
1593 4 3 30,8 80,5 632 10,53 S71E 37,0 8.71 0,328
ﬂQ4 4 5 123 93,0 657 10,56 » 795 44,3 8,64 0,505
105 4 5 1529 87.0 843 10.30 2755 44,83 5,96 £,543
108 4 5 30.2 33.0 544 10.71 725 44.3 7.20 0,571

THESE CATA ARE PLOTTED 1V FIGURE (46
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TaBLE (D) = CUNTINUED

KB

S8 i CONF I GURATIOM BUER IR GON= 'y, le 4/0 B

} Ak v v SUNPT§ O e V
- R s L33 3 cPs v FT eps o/ g
e 0o MW i FT™/man

107 5 & PIPE 1.2 J106.0 651 10,85 2214 75,90 3,91 0,360
108 5 & " 16,4 103,90 848 10,30 » 394 76,0 4,1 ¢, 381
09 5 & ¢ 30,7 1000 642 13,70 L8975 76,0 4,26 0,398
e 5 1 1,3 108,90 547 10.76 935 26,2 11,80 1,092
111 5 1 15,7 105,0 647 10,79 2910 25,2 12,40 1,130
112 5 1 30.2 102,0 643 10,71 » 391 26,2 12,84 1,198
113 5 2 1.2 107,0 664 11,07 ,906 34,5 8,51 0,780
114 3 2 17,0 102.5 545 10,30 +8090 34,5 9,04  0.336
115 5 2 29,0 102.0 855 10,90 2372 34,5 9,40 0,862
119 5 3 1.2 106,90 651 10.86 2914 41,3 (7,20 0.664
120 5 3 174 104,0 52 10,39 2895 41,3 7.26 0,595
121 5 3 29,1 102,0 640 10,68 L8895 41,3 7.30 0,730
116 5 4 1.4 100.0 &2 10,89 2062 44,3 6,64  0.810
117 & 4 16,4 106, 0 6435 10,75 921 44,8 6,96 0,648
118 5 4 30,4 108,0 639 10.62 950 44,8 7.20 0,870

THESE DATA ARE PLOTTED IN FIGURE (47)



TABLE (E)

COMPARISON OF VOLUMETRIC EFFICIENCIES OF DUPLICATE RUNS MADE AT JIFFERENT TIMES,

SERITAL CONF§ GURAT 1 O BuEP 17 o %
[ids . VR V:s v
i} PAPE ONLY Tad o 711 +
47 " n - Ta3 2 738 +, 025 +3.4
45 " . 16,9 2710
43 " " 17,0 . 756 +, 046 +5,1
46 " n 30,2 725 ' '
49 " " 30,0 2795 +,030 +4,0
74 3 NONE Tod » 661
77 3 # 1ot 0 546 =, 015 =2,3
75 3 " 15.5 . 691
738 3 " 17,6 - 685 =,013 -2,2
76 3 " 30.7 2723
7% 3 " 20.2 2730 +, 007 0,96
w07 4  NONE 1.2 . 914
122 4 " 1.3 2940 +,026 © 42,0
108 4 " 15.4 2894
123 <% n 16,3 2916 +2 022 +2.4
109 4 0 30,7 .875 |
124 4 " 25,9 . 8685 +,010 +1;1

Yy = VOLUME OF RECEVER
Yy = YOLUME OF SILENCER
’Z = YOLUMETRIC EFFICIENCY

A = DIFFERENCE



7.

TABLE (F)

COMPARISON OF CALCULATED AND MEASURED FREQUENCIES

(ALL DATA Fn® #AX1UMUM BMEP)

Y

SERIAL CONF 1 GURATION ? o ’))C” 4114}
10, Ve Ve v CALCULATED YEASURED erre
46 PIPE ONLY » 725 26,4 AZe7 1,62
38 1 + PIRPE OMLY 286 2.3 16.5 1.78
23 1 1 95 17.5% 14.0 230
25 1 2 .94 14,1 15,9 1211
28 1 3 . 965 12.5 16,6 1,22
34 1 4 ,910 13,2 17.0 1,29
37 i 5 2050 11,8 16,6 1.40
61 2 PIPE .96 7.8 11,9 1,53
64 2 1 .92 15.4 1640 1,04
67 2 3 290 10,6 17,0 1,61
70 2 4 95 1003 .- - -
73 F 5 ,91 9,4 18,7 1,99
82 3 1 .616 13,5 1246 935
85 3 2 .64 10,6 14,5 1,27
88 3 4 .67 847 1240 1,38
91 3 g 247 7.8 1245 1,62
79 3 PIPE . 646 5.5 12,2 2.03
g7 4 7 . 705 13,2 11,8 2 Y
100 4 2 .69 10,3 10,4 1,01
103 & 3 2 70 8a7 1T.4 1237
106 4 5 725 7.2 10,5 1,46
94 4 PIPE . 665 5.2 1,7 2,24
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TABLE (6)

COMPAR|SON OF SIMILAR CONFIGURATIONS WITH INTERCHANGED TANK POSITIONS

LOMF I GURATION anep Y 0 7/,7p o v/A ’V{.s J
V_ ‘%f’a Low MED 1M HieH CALCULATED : VEASURED

i i
- 1 . 788 2325 2890 10 1.18 Za3 16,5
1 - . 860 2375 2380 10 1,17 1129
- 2 2 785 2830 2390 7e B 1,18 9,5
2 - '@921 ;,94'4 .;960 7»5 1;27 11 4)9
- 3 - 820 855 2935 5.8 1.24 17.8
3 - » 846 + 636 » 730 5.8 ey 12.2
- 4 2 786 »335 2977 5,0 1225 23.5
4 - 2 705 2570 ‘ »5E5 5,0 283 197
- 5 .830 .820 820 4.1 1.08 41,5 16,1
5 - 914 »894 . 875 4,1 1.15
k| 2 » 541 »350 . 965 14,6 1,28 15,9
P 1 856 »900 2920 14,9 1222 16,0
1 3 2900 ,908 920 13.0 1,22 16,6
3 1 » 566 2620 + 618 13,0 82 12,6
1 4 » 900 2909 2910 1247 1,20 17.0
4 » 795 «720 + 705 12.7 2935 11.8
1 5 »950 2960 2960 12.4 1.27 16.6 -
5 1 2935 910 +891 12.4 1.18 10.2

CONTINUED NEXT PAGE
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TABLE () = COMTINUED

P

SUNFIGURATICN _ EMEP 'Vo ' 7/'7p e v/A 4)3 1
y Vs Low JAED TGN HiGH CALCULATED |Pe ME ASURED

3 .
5 2 2506 2890 2572 9,0
4 5 2871 2876 310 9,0
& 3 914 L3895 » 305 7.6
3 5 491 » k31 » 400 7.6 2815 1246
4 1 2 795 2720 2703 12.7 293 11,8
1 4 L 900 2908 2910 12,7 1220 17.C
4 2 2720 » 758 » 690 9.9 1915 10,4
z 4 2879 2880 »950 a0 1426
3 2 2574 2 B44 » 044 10,2 .85 14,5

2 3 3850 . 853 « 900 10,2 7179 17,0
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LCIYENGED TWO STROKE ENGIRE {%5%% £

DROSS BECTIOM THROUGH SRLNK CaBE
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PORTS
ADMITTING
AR TO
CYLINDER

AR BOX

AIR INTAKE AND EXHAUST SYSTEM

[

FiGURE (2]

0TS SECTION THFOUGH 3LUYER SCAVENGED T#0 STROKE ENGINE [GENERsL #0TORS ERIES 71)
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intake receiver

\—w exhaust

.

Fig. (3) Schematic diagram of scovenging blower
through a two siroke engine

Fig. (4) Efflux from g pressure iank through
a pipe (accelerated fTlow)
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Fig. (7) Notation used in analysis of flow from iniake
receiver to cylinder. ‘

-==—port fully open
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%
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io open ——
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¢
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0 X, distonce along duci L
Fig. (8) Plot of #f vs. X Legend:

-f= port opening

fo= cross seciional
area of _duci ai
any siation
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f
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i,
Area f, is open for period 1,
f
/
fy
o
21, -
Area f, /2 is open for period 2t
Fig. (8) Two cases of the relationship between port

area gnd time
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" Fig. (10) Piot of Q/fl vs. wi/2L for case 18 1O

-

Fig. (1) Triangular distribution of pori opening
versus fime
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Fig.{(I2) New coordinates for the port closing
period
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Fig. (13) Dimensionless plot of velocity in duct
and port as a function of dimensionless
time parameter
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Fig. (16) T@mpem%uremi—:mropy dmgmm for
flow through engine




(2]
o
Q

o 4
N ,

]

o
8 ‘




-97-

iDq O1SD3 ub

40 mco:oR; jouipnybuo] jo SISA{DUD 10} UO§{DLON

(81) b4

o
\\’\“ 5

Q
m




~98-

®]

Weishs Jo

yiBua] jue|panba jo siskjpup 10} uoyblon  (81) B4
X 0 =X
t
N i 'Wl .
° J
e 3] 1 -
|
_ 1
; | ]
A A
/
? q |
:q_g U@ho @
o

|DUO1L28S 55049

adid (snoyxe
40 yibue| londy =
y(bue| juejoainbl = &)

J83UB[IS J0 8WN|OA =SA
18A18981 JO QWN[OA = JA

's|oquiAg

[l
Z

)
—




o e e

1

PRV SRR RS S




=100~

it

T

= Becaiver Voly
. ol Ex

;@ret._’" 1

aiT

Lo

| .

tengtirrvs:

i

‘ -

e ¥ 20201

Effective

4

=
o
I TR s
o g
: ‘
N S B |
o po T
..... 85 ISR S



oo
( H
i

()

Lengitr

I
i
i
i

i

|

!

i

i

t

i
Lk —

o

'

|

|

i

_—

* Effective

T ;
f




-102-

(snipibddy |D2IUDYDBA)

dnieg 1s3]

j0  wniboig

auibuy
lglsulowpnuiq

yun] abing
_

[

: .

183N
MO}4

o14pWayos (g2)bid

wup ] 8bing

()]

WalsAS snoyx3

W.T&\; 03y

Lmocw:mim |

13mo|g



-103-

Silencer with Volume Vg

5

/Rec

|= Actual length of siraight esxhaust
pipe = 123 ft

2

eiver with Volume V;

Exhaust Pipe Diamefer = 4 inch (nominal size)
Dimensions of Tanks

Tank No. Diameter Length | Volume . _ Volume Volume
} Ratio = ——
. ) 3 Pipe area =
inches - inches fi Vp
I 6.13 12.00 0.204 2.3 1.145
1A 6.13 12.00 0.204 2.3 1.145
2 10.13 18.00 0.840 e.5 4.7t
3 12.13 24.00 1.600 17.8 2.00
4 15.63 18.63 2.070 23.5 i1.80
5 15 .63 33.00 3.660 41.5 20.60

* V¥, = Engine displacement volume = 0.178 42

Fig (24) Dimensions of Exhaust Sysiem

Components of Test Setup
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Fiaure (25)
RECE!VER AND StLENGER TANKS.
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Fraure (27)

PESIDUAL DISTURAANCE OF OSCILLOSCOPE TRACE DUE
TO VIBRATION AND PIOWUR.



Froure (26)

TEST ENGIKE ON DYMAMOMETER BED PLATE

Firaure [29)

TEST ENGINE WITH RECEIVER Tank Mo, T IN POSITION.



Fraure (30)

DYMNAMOMETER AND CONTROL PANEL,

R SUPPLY EYSTEM, FLOW NETER AND ELECTRONIC INSTRUMENTE.,




Fiaure (32)

EMPL IFIFa aMh CAL IBRAT MG CiROUIT.

FIGurRe (35)

IARKER AND SYNCHROMIZER UNIT.

FIGURE (33) anp (34) FoLLOw THIB PAGE,
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Figure (33)
CaLIBRATION TRACE:
1 MILLIVOLT PER INCH DEFLECTION ON OSCILLOSCOPE SCREEN.
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Figure (36)

TEST ENGINE CYLINDER AND EXHAUST PORT.

Freure (37) Fieure (38)

VEEW INTO CYLINDER THROUGH EXH2UST PORT. TEST ENGI!NE PISTON WiTH DEFLFECTOR CROWN,
SHOWING INTAKE PORTS.



Fiaure (39)

C1LOSE=~UP OF CRYSTAL PICKUP MOUNTED IN EXHAUST.
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