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SYNOPSIS

The present investigation is part of a long term
research programme dealing with the wave action in the
exhaust and induction pipes of a two-stroke o0il engine
and their effect upon the cylinder scavenge process.

As a development of fundamental researches carried
out at the University Laboratories using simulated
cylinder release pressures in a motored engine, the
present investigation seeks to extend the established
data to the practical problem of the engine under firing
conditions.

In this report, the theoretical analysis of
unsteady one-dimensional gas flow, allowing for the
effects of wall friction, heat exchange with the surroundings,
and temperature discontinuities is developed, and the
Method of Characteristics is applied to effect a solution.
Theoretical exhaust pipe and cylinder indicator diagrams
are evaluated using this theory, and compared with the
experimental diagrams from the firing engine,

From performance trials, the measured air consumption
using a constant air/fuel ratio, but different exhaust pipe
lengths and engine speeds, is evaluated and plotted on a
dimensionless basis for comparison with the previous

simulated work.
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Original Work

As far as is known by the author, no published
work is available in which wave action in the exhaust

Pipe system of a firing engine is analysed in terms of

the Theory of Characteristics.

The application of this method to effect the
solution of the problem has necessitated the new
sections of theory and techniques dealt with in

Sections 3.7(b), 3.7(c), 3.8(b), and %.8(d).
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1. Introduetieon

The potential advantage of the two-stroke cycle
engine over the four-stroke cycle engine of equal swept
volume is substantial. The output torque is more uniform
and for the same speed of rotation, the power developed
is theoretically doubled giving a much improved power-
weight ratio. In addition, the number of moving parts
is reduced, simplifying maintainance and giving improved
reliability. In prectice, however, considerable difficulty
has been encountered in attempting to realise the potentially
high specific output, due primerily to the problem of
efficient scavenging.

Success of the twwo-stroke cycle engine depends upon
the efficiency of the air exchange process in the cylinder,
since both the power developed per unit of swept-volume and
the fuel consumption are closely related to the efficiency
of the scavenge process. In the high speed engine, the
time available for scavenging the cylinder is very small.
Hence, to achieve any measure of success, the scavenge air
must be supplied under pressure, or an appreciable pressure
difference must be maintained between the air duct and the
cylinder. The method of achieving this is usually to use
either crankcase compression or an external air blower or
pump driven by the engine., Thus scavenging is achieved
at the expense of the power developed, a reduction in the

power-weight ratio, and increased fuel consumption and



capital cost,

One of the most significant contributions in the
development of the two-stroke cycle engine was due to
M. Kadenacyﬁ who, in 1936, patented certain features of
port timing and design. His specifications were concerned
with the means of improving the air exchange process in
the cylinder, and engines converted to his designs showed
a considerable improvement in performance. Evidence in
support of his theoretical concept of Ballistic Discharge,
accompanied by supersonic gas velocities, was published by
Davies® in 1940.

Davies's conclusions were contested by Mucklow, who
held the opinion that the results were not due to high
discharge velocities, but to pressure waves in the exhaust
pipe. Extensive theoretical and practical research on the
sudden release of compressed air from a cylinder into a
pipe was published by Mucklow and Bannistergin 1948. This
showed conclusively that the depression in the cylinder
following release, the Kadenacy effect, was due solely
to wave action in the pipe, and that the observed phenomena
could be explained satisfactorily by the laws of thermo-
dynamics and on the basis of a theory of waves of finite
amplitude due to Earnshaw and Riemann.

The work of Mucklow and Bannister was extended by
Wallace and Mitcheli‘who examined the discharge of

compressed air from a ported cylinder liner into pipes
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of variable length. The research yielded valuable
information on the variation of the coefficient of
discharge of the exhaust ports with port opening, cylinder
pressure and over a limited temperature range. It also
showed the influence of wave effects in the exhaust pipe
on the duration and magnitude of the depression in the
cylinder following release,

Further work was carried out by Wallacesusing a
motored opposed piston two-stroke cycle engine, in which
cylinder release pressures, comparable with the firing
engine, were simulated, and a full analysis made.

The present work is an extension of the research
carried out by Wallace, using the same engine but under
firing conditions and the Method of Characteristics is
employed for the solution of the flow equations.

The Method of Characteristics is due to Prandtl and
Busemann (1929) who used it in the solution of plane
supersonic steady flow problems. The method was developed
to include one dimensional non-steady flow by Sauer (1942)
and Schultz-=Grunon (1942) and a variant of this was
developed by de Haller in 1945, It is on this latter method
that the present work is based.

The work of Jennyﬁ who used the Method of Characteristics
to investigate wave action in a pipe following the discharge of
compressed air from a cylinder, constituted a great help in

the development of the theory upon which this thesis is based.
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2. Apparatus

2.1. General Layout.

Two views of the gpparatus are shown in Plate 1
and the layout is shown diagrammatically in Fig.l.

Flate 1, however, shows induction pipes fitted to the
engine, but these are not used for the present investigation.

The vertical opposed piston two-stroke cycle engine
is flexibly coupled to a swinging field electrical dynamo-
meter, and the combined unit is rigidly mounted on a bed
plate consisting of two longitudinal R.S.J. sections bolted
to a concrete plinth set in the laboratory floor.

An auxiliary drive shaft, driven by the engine
crankshaft, carries sprockets which provide chain drives
for the fuel injection pump, the revolution counter, and
a three phase A.C. tachometer.

The fuel injection pump is gravity fed from the iuel
tank via a filter, and its rack is accurately positioned
by means of a micrometer attachment. The fuel line is
connected via cocks to two measuring pipettes of capacities
66 cc and 22 cc arranged in parallel for accurate monitoring
of the fuel consumption.

The expansion chambers bolted to the induction pipes,
are linked by large bore rubber hoses to the air measuring
box, and the latter is mounted in a cradle straddling the
dynamometer. To this air box is connected the laboratory

compressed air supply which is used for starting the engine.



Fig.1l.
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The exhaust pipes terminate in large expansion
tanks which are mounted on castors to facilitate their
movement, see Fig.2. These tanks also serve as exhaust
gas collectors and are connected to the laboratory fan
extraction system.

One air expansion chamber and one exhaust gas
collector are connected to water manometers mounted on

the control panel.

2.2. Engine and exhaust pipe system.

The opposed piston two-stroke cycle compression
ignition engine is of Junkers design, and the cross-
sectional arrangement is shown in Fig.3%.

The engine has a bore of 65 mm., a combined stroke
of 21C mm., and a trapped volume of 609.7 cc. The
upper or air piston controls the air ports, and is
carried on a 'crosshead'. Two connecting rods attached
one on either side of this crosshead, are coupled to
cranks on either side of the crank controlling the lower
or exhaust piston.

The air piston has a stroke of 90 mm., the exhaust
piston a stroke of 120 mm., and their respective cranks
are asymmetrically opposed, the angle between them being
165 degrees. This arrangement gives an exhaust lead of
16 degrees, with an air port closure at 14 degrees after
the exhaust ports. The pistons have detachable crowns

and are fitted with 'fire-rings', the edges of which are

flush with the flat piston tops.
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The combustion chamber, formed by the cylinder
and the piston crowns, normally has two fuel injector
nozzles diametrically opposed, see Section AA, Fig.4.

For the present research, however, only one injector
is used and the other cylinder boss houses a pressure
transducer.

Both the air and exhaust ports are arranged
symmetrically around the periphery of the cylinder liner,
see Sections BB and CC respectively, Fig.4. The air ports
communicate with the air expansion boxes through two ducts,
180 degrees apart, each having a constant cross-sectional
flow area equivalent to that of the 2" bore induction
pipes. The total distance from the air ports to the air
boxes is approximately 5".

The exhaust system is similarly disposed to the air
system, and incorporates exhaust ejectors designed to the
original Kadenacy specifications. These are, however,
rendered inoperative by the insertion of short lengths of
pipe, see Fig.5. The collector ducts between the exhaust
ports and the lg" bore exhaust pipes each have a constant
cross-sectional area equivalent to that of the pipe.

The exhaust pipes are built up iﬁ sections and can
be varied in length from zero to 11 feet in 6 inch steps.
The fixing arrangements for pipe to pipe connection and
pipe to engine connection are shown in Fig.6.

2.3. Dynamometer.

. om
The dynamometer, shown in Fig.?7, 1is constructed fr
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a 220 volt. D.C. shunt wound motor and is arranged to
swing freely in a cradle which is bolted to the motor
frame. The cradle is supported at either end on

trunnions which are mounted in needle roller bearings (B).

A torque arm, of effective length 2 feet, is
produced by the bracket (T)bolted to one channel of the
motor cradle. To the other end of this bracket is
attached the balance weight, opposed by the spring balance.
See also Plate 1(b). A balance weight is attached to the
other channel of the motor cradle.

The armature and field circuit for the dynamometer
is shown diagrammatically in Fig.8. When motoring or
starting the engine, switch (2) is closed in position (a)
and the engine is brought up to speed by means of the
starting resistance. When the engine is firing, switch
(2) is thrown to position (b). Speed control is then
effected by using the starting resistance and the field
reostat for coarse and fine adjustments respectively.

The starting resistance is shunted by a 7/ ohm. resistance
which may be dispensed with by opening switch (3) for

engine running under light load.

2+4« Alx. Cireuit.

The air box used for air flow measurement consists
of a fabricated steel drum 6 feet in length and 3 feet
overall diameter. This is connected to the two expansion

chambers, which are attached to the engine induction pipes
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by two 3 inch bore flexible rubber hoses, see Figs. 1 and 2.

Air flow is measured by means of a range of sharp-
edged orifice plates constructed in accordance with the
B.S.S. recommendations on flow measurement. Each plate is
used for a limited range of air flow such that the maximum
pressure differential across the metering orifice does not
exceed one inch head of alcohol.

The orifice, Fig.9, consists of a steel carrier plate
(A) bolted to the air box (G) by set screws. The bronze
orifice plate (B) is located in a recess in the carrier and
the approach to the orifice is unobstructed. The patent
rubber rings (C) and (D) ensure perfect sealing of the
orifice plate and carrier respectively. The downstream
pressure tapping (E) is drilled through the carrier plate
and leads to the nipple (F).

The pressure differential across the metering orifice
is measured by a micromanometer, Fig.l and Plate 1 (b)),
connected to nipple (F) by a long length of thick walled
rubber tubing. The latter provides heavy damping and
ensures a steady flow reading. The water manometer
connected in this circuit, Fig.l, is provided to give a
reading of the pressure in the air box when supplying
the compressed air for starting. During the starting
period the rubber connecting tube to the micromanometer

is clamped to prevent the alcohol from being blown out,

and the orifice plate is sealed by a rubber plug.
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2.5. Instrumentation.

(a) Engine speed measurement.

Nominal engine speed is recorded by means of a
three phase A.C. tachometer. Accurate measurement of
the mean engine speed is obtained by a revolution counter
and a stop watch.

The revolution counter is mounted coaxially with
a magnetic clutch which is chain driven from the engine
crankshaft, Fig.l. The spring loaded sleeve of this
clutch carries three dowels, one of which engages with
the crank on the counter. Engagement is achieved by
energizing the coil surrounding the sleeve, and
disengagement is effected by the spring behind the
sleeve when the electric supply is switched off.

(b) Exhaust gas temperature measurement.

The exhaust gas temperature is measured by
thermocouples mounted in thin walled, small diameter
stainless steel tubes. The tubes have one end sealed
and are flanged so that they locate in the pick-up bosses
which are provided at © inch intervals along the exhaust
pipe.

The six iron-constantan thermocouples are connected
via a six way selector switch to a previousl& calibrated
millivoltmeter, Fig.Z2.

(c) Cylinder and exhaust pipe pressure measurement.

Pressure variations in the engine cylinder and



exhaust pipe are recorded by means of a Southern

Instruments Type Me 112 Engine Indicator, Plate 1(a).

This is a switched three channel cathode ray oscillograph
recorder incorporating a two beam cathode ray tube. The
tube is viewed through a lens system by a rotating drum
camera which has built in beam suppression contacts.

The camera drum is driven by a D.C. electric motor, the
speed of which is controlled by the battery voltage applied.

Southern Iastruments Type G204 water cooled pressure
transducers with a range of O to 15 pe.s.i. are used for
measurement of the pressure in the exhaust pipe. A
similar G204 transducer with a range of O to /5 pese.i.
is used to obtain the continuous light spring cylinder
pressure record. The cylinder pressure at exhaust port
opening is accurately determined by using a Standard Sunbury
Electronic Engine Indicator in conjunction with a balanced
disc cylinder pressure calibrating unit.

A 'marker disc' bolted to the engine flywheel, Fig.l,
provides signal pulses at 20 degrees interval of crank
angle for superimposition on the Me 112 Indicator pressure
records. A Sunbury Time Base Unit, driven from the
auxiliary drive shaft of the engine, provides correlation
between pressure and crank angle when using the Sunbury
Indicator. This unit gives a signal pulse every 2 degrees
with identification pulses every 10 and 90U degrees of

crank angle.



A small two-way cock, interposed between the
G204 transducers and the measuring point, enables the
pressure records to be calibrated by applying known
values of air pressure directly onto the transducer
diaphragm.

The calibrating compressed air supply, which is
also used with the Sunbury balanced disc pick-up, is
controlled by an air potentiometer circuit, Fig.lO.
This consists of a small presssure vessel equipped
with high and low pressure gauges for cylinder and pipe
calibrations respectively, and it is connected to the
two-way cock. The pressure within the vessel is read
on the appropriate gauge and regulated by the combined
use of the air supply valve and the blow-off valve.

Sub-atmospheric pressures are obtained by
extracting air from the vessel by means of the water
ejector, the vacuum obtained being regulated by controlling
the rate of water flow and using the blow-off valve as
an air bleed.

A system of valves is used to isolate the various

sections and pressure gauges when they are not in use.
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5« Theory

5.1, NOWMENCLATURE
A = cross-sectional area (ft2)
a = acoustic velocity (ft/sec.)
Cd - coefficient of discharge.
CP - specific heat at constant pressure (ft.pdls/1b.°C)
C, - specific heat at constant volume (ft.pdls/1b.°C)
d - pipe diameter (ft.)
F - wall friction term (pdls/lb.)
f - coefficient of friction.
H - enthalpy. (ft.pdls/lb.)
k - effective area ratio, defined as

geometrica} port area x C

total pipe area d

K -~ degrees centigrade absolute.
I - total exhaust pipe length (ft.)
m - mass (1b.)
M - dimensionless mass flow.

n - engine speed (r.p.m.)

pressure (pdls/fte)

P -
q - rate of heat transfer (ft.pdls/ft’sec.)
R - gas constant.

Re - Reynolds number,

Rm - modified Reynolds number.

r - hydraulic radius.

S - entropy

T - absolute temperature (°C)

t = time (secs.)
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U =~ internal energy (ft.pdls/lb.)

U - dimensionless particle velocity.
u - particle velocity (ft./sec.)
V - volume (ftB)
W - work (ft.pdls)
X - dimensionless pressure ratio.
x - distance along pipe (ft.)
¥ = ratio of specific heats (gg)
v
A - finite change.
© - temperature difference (°C)
I - characteristic co-ordinate,rightward wave.
i = absolute viscosity (centipoises)
I - characteristic co-ordinate, leftward wave.
p - density (1b./ft’)
£ - velocity potential.
Suffixes.
0 = datum state parameters
l -~ <cylinder state parameters
2 = pipe state parameters
os - state parameters referred isentropically to datum isobar.
¢ - state parameters at cylinder port vena contracta.
a = state parameters of air in the cylinder.

e = state parameters of exhaust gas in the cylinder.



29

5.2 Scope of Theoretical Treatment

Discharge of exhaust products from the cylinder
of a two-stroke cycle engine results in the propagation
of a steep fronted compression wave to the open end of
the exhaust pipe. Here it is reflected as a rare-
faction wave which travels back to the exhaust port
where it is partially reflected and partially transmitted.
The latter produces a depression in the engine cylinder
which draws in the fresh charge for the next cycle.

Wall friction, due to the presence of carbon deposits
in the exhaust system, and heat loss to the surroundings
through the pipe walls make the flow process irreversible,
and their effect is sufficient to warrant consideration.
Further, temperature discontinuities exist in the flow
since there is a considerable difference in temperature
between the exhaust gases Jjust leaving the cylinder and
those discharged by the previous cycle, Hence the flow
problem to be solved is one of unsteady motion in a pipe
with wall friction, heat transfer and temperature
discontinuities taken into account.

The flow is assumed to be one-dimensional since,
due to its nature, a developed velocity profile will not
exist; and although the affect of wall friction and heat
transfer are not strictly one-dimensional, to simplify

the analysis a one-dimensional model using the appropriate



mean quantities is employed.

The equations defining the flow are derived from
consideration of mass continuity, momentum and energy,
(Section %.3), and the three resulting simultaneous
equations are solved by a finite difference calculation
procedure developed from the Method of Characteristics
(Section 3.6). Wall friction and heat transfer results
in an entropy gradient in the pipe and allowance for
this is made by applying a correction to the local
acoustic velocity referred isentropically to the ambient
pressure (Section 3.4). This permits evaluation of the
changes in fluid properties from one region of state to
the next by following two reversible paths connecting
the end states. Thus characteristic nets can be
constructed which give the solution at any point and
time in the exhaust pipe for all the fluid properties.
The true curvilinear characteristic net is, however,
replaced by a net of straight line chords which are
closely spaced so that linear interpolation is permissible.,

Passage of a wave point through a temperature
discontinuity can be taken into account analytically
providing the position of the discontinuity in the pipe
at any instant is known. The method of solution is
discussed for various conditions of flow in Section 3%.7.
For simplicity, it is assumed that the temperature disconti-

nuity is a plane at right angles to the flow and that no

diffusion or heat conduction occurs across the interface.
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The flow conditions at entry to and exit from
the exhaust pipe are determined by the boundary conditions
which define the flow behaviour for the varying physical
configurations (Section %.8). Theoretical relationships
are derived in a framework of dimensionless co-ordinates
of pressure and particle velocity from which boundary
curves are drawn. Isentropic conditions are assumed
for the cylinder contents and the boundary curves are
used for relating cylinder to pipe conditions. At the
open end of the exhaust pipe it is assumed that, for
outflow, equalisation with ambient pressure occurs in
the plane of the open end, and for inflow, the end of
the pipe behaves as a Borda mouthpiece.

The theoretical section is concluded by a summary
of all the theoretical expressions necessary for the
solution of one-dimensional unsteady flow in a plain
exhaust pipe (Section 3.9).

The Appendices (Section 9), contain the mathematical
theory for the solution of two and three partial
differential equations from which the characteristic
equations are derived, and the application of the Method

of Characteristics to the simpler case of isentropic flow.



3.3 Unsteady one-dimensional flow eqguations in

a constant cross-sectional area duct.

Consideration of the three basic equations of
fluid flow viz. continuity of mass, momentum and
energy, gives analytical expressions which define
the variation in the state parameters for a fluid

flowing in a duct.

q Wall friction force
vn—-‘-—-——
oP
P \ P+de
B p+22dx
ou
u u + % dx
= dx A
Fig.1l1

Consider the instantaneous flow of gas in an
element of pipe, length dx, of constant cross-
sectional area A. Assume that the pressure, density

and particle velocity change from P, p and u to

P d ou ;
P + %E dx, p + 5% dx and u + =X dx, respectively,

see Fig. 11 .
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Since the flow to be examined is of an unsteady
nature, a plane velocity profile can be assumed to
exist across the pipe at any section, hence viscous

shearing forces within the fluid can be neglected.

At any arbitrary instant of time, t, the funda-

mental equations of flow are derived as follows:

(a) Mass Continuity

The rate of change of mass within the element

the excess of mass inflow into the element.
Rate of change of mass within the element

_ Qp

= A dx 3t ° dits

Excess of mass inflow into element

= Apu - A(p + op 5% . L 45

ox

which neglecting second order terms

=-pAQ dx _ , a 9p dx

ox ox
Equating these two results gives:
u , udp 2o _
Pax* ax*tat - O

(b) Continuity of Momentum

The net force acting on the element

(3.3-1)

the mass acceleration of the fluid within the element.

The net force acting on the element

= PA-A(P + %}1-:‘1")- AP. A
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where A P = the pressure drop due to
wall friction.
Assuming that the pressure drop due to wall
friction is given by the equation for steady flow and
can be applied instantaneously to the case of unsteady

flow without undue error,

2
db _ £ u  up
then dx To2d
=Fp
where F = the frictional resistance.

The factor T%T is introduced to ensure that the

frictional force always acts in a direction opposite
to that of particle motion.

Then the net force on the element

3P dx

3% ) - AF pdx

= PA-A (P +

Inertia force on the element

_ Du
= p A dx Dt

where the symbol %% = the substantial derivative with
respect to time and denotes that the differentiation is

to be carried out while following a particular fluid

particle.

BEuler's equation of motion gives:
Du ou Ju

Dt - 3t T Y ax

Hence, the inertia force on the element

aU)

a ou ou
= pAdx (5F + u 3%
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Equating the net force and the inertia force, and
simplifying, yields

u _udu 1 OF F

o' RtoEE’ = O (3.3-2)

(c) Continuity of Energy

No external mechanical work is done by the elemental
system in the surroundings and there is no change of
potential energy of the system, thus the energy balance
between the system and the surroundings becomes:

Rate of heat transfer into the system

rate of change of internal energy of the system

+

rate of net flow work done by the system
+
rate of change of kinetic energy within the system.
Rate of heat transfer into the system
s | gediedX
Rate of change of internal energy of the system

= p A dx %%

Rate of net flow work done by the system

_ 0P dx du
'(P+a_x JA(u + 52 dx) - PAu
which neglecting second order terms

du oP
=Adx(P-a—x+uaX)



Rate of change of kinetic energy within the system

n
©
>
=
fof
=
fof
ct

The energy balance can therefore be written as:

_ ay du L udP
g Adx = p A dx =T * A dx (P - ax)
du
+ p A u dx It
Substitutin o . & + u g dividing throughout
& a3t 3t 3x’ €
by A dx and rearranging gives:
qu du du du , 123Py _ . _ _

P+ Bas » o5+ g & < Z) - a 0 (3.3-3)

Substitution of the momentum equation (3.%-2) and the

continuity equation (3.3-1) in equation (3.%-3) gives:

av _ P 9p , 9Py _ = - =
P& s (u 3% + at) puF-q = O (3.3-1)
au _ 4. ‘ar)
Now Prge" = Plgy v
= B & @&
T oy=1 dt ‘p
_ 1 dP _ p dp
~ =y e ge - P g
dp _ 4P oP
Also 3¢ T Wt +u =
dp _ 9p 9p
amd & < % * Yoz
ay . 1. [&B er _ P op QE:]
hence p §F = oI {a +u 2= p(at + u =)
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which on substitution in equation (3.%-4) and simplifying

gives:

v -G udd - -1 (puF+q =0
Writing a2 = IEE gives:

S ruE_af 2 iud 1) puF+a) =0 (3.3-5)

Isentropic Flow

For isentropic flow, both F and q are equal to zero.
Further, the energy equation (3.3-5) becomes redundant and

is replaced by the isentropic state relationship:

- = constant
o]
3P v-1 2p _ Y P 3p
4Gl S T2 X - p 93X
- goCR
= a X (305"6)

The momentum equation (3.3-2) becomes:

3u du 1P _
3 *UBx tpax - ¢

Substituting equation (3.3-6) then gives:

o Q% £ @ %% + a® §£ = 0 (BT

(3.3-7) and the mass continuity equation (3.3-1)

completely define the flow under isentropic conditions.



34

3.4 Characteristic Quantity for the Entropy of

a Gas Layer.

As a result of wall friction and heat transfer
to the surroundings, the flow process in the pipe
is irreversible. Thus changes of state from instant
to instant in the pipe can only be determined by
following two reversible paths connecting the end
states of the fluid particle under consideration.
The most convenient reversible paths to use are those

of constant pressure and constant entropy, see Fig.1l2 .

2T | /

LA —
T0 % ds |je=

Fig. 12

In the application of the Method of Characteristics
to the theory (see Section 3.5), it is desirable to
relate all state points isentropically to the reference
datum pressure PO, and to 85s and Tos appropriate to the

state under consideration, see Fig. 12 .
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state 1 to state 2 can be accounted for by determining

the change in a

o)

= from laos to o84g"

For a reversible process:

therefore, for a finite

and as 6T
oS

ds

&s

approaches
then ds

2
Now aos

i.e. d(loge TOS)

which substituted in equation (3.4-1) gives:

ds

. 399
* 7

change along the isobar PO

_ %9
N
L
= C, 7
0s
zero,
- ¢, a(log, T.)
= TR T o
= 2 d(loge aos)

= 2 Cp d(loge aos)

For any reversible process:

For a quasi-perfect gas, i.e. one that obeys the

characteristic equation for a

ds

_ de
-
AR P
dT v
= G 8 W

heats which are a function of temperature,

(3.4=1)

(3.4-2)

(3.4-3)

perfect gas but has specific
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RT

Taking logs and differentiating:

dP_ dv
PV

Also R

ar
T

C_ -¢C
P v

Substitution of these two equations in (3.4-3) then gives

ds

which can be written as:

P ds

C_ dt
v

Writing at

dt

and substituting in equation (3.4-

P ds

C_dt
v

aB o av

Cv ! Pp Vv

<

b _ - de
“F %%

dP _ YP dp
dat p ds

4P _ .2 dp

dt dt

oP oP

at * Y ax

9p 9p

i il

4) gives:

%% + @ %5 - a2 (%% 4 w

which from the energy equation (3.3=5)

Whence ds

(v=1)(puF + q)

CV
(v-1) & (puF + g)dt

Equating equations (3.4-2) and (3.4-5) gives:

d(log, 855

L%ﬁ;) % (puF + q) dt

(Ben-4)

(%.4=5)
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which on integration gives:

t=t
2
2%0s -1
B ep. S L pur s q)as (5.4-6)
R t=t,

The exponential of equation (3.4-~6) can be expanded,
and if in the step by step evaluation small intervals of
time are considered, then second and higher order terms

can be neglected without error, hence

2aos (y=1) 1
= 1 + = (pulF + q) At
1%0s ey P
; N T
Substituting: P 5 a2
Y=1
2 2 (PN Y
a - os (Po)
R S - N . : .
and F = 53 Tu) u gives:
2
2%0s (y=1) £ _u u At
=1 r] (—) Y=1
laos 2 2d 1ut aos (P P ) v
o)
(yx=1) g -
Al - At (3.4-7)

where At is the particle time from state 1 to state 2
and the variables are the means between states 1 and 2.
Equation (3.4-7) is the required equation denoting the

change of entropy along the particle path from state 1 to
state 2.
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3,5 Application of the Method of Characteristics.

For characteristics to be found, heat conduction
and viscous friction within the fluid must be negligible
since higher derivatives and squares of the first
derivative cannot be taken into account in the theory.
The assumption that these effects are negligible was
made in Section 3.3 when developing the three basic

equations given below which define the flow parameters.

PRV ull, 2 - o (3.3-1)

ou ou 1oP _ _

QP , 3P _ 2 30 _ .2 8D _ (y_ _ !
WEs+ g -« W ~a o (y-1)(puF + q) 0 (3.3=5)

The general solution of three partial differential
equations of this form is given in Section 9.1. The

equations solved therein are of the form:

ov av w ow 2z 3z _
Al B * B1 3y + Cl =t D1 3y + El 5 * F1 3y + Gl = 0

v oV ow ow 0Z 9z _ )
LBt rhy b Ryt % =9 csn

=~ + B; &= A L 9z 9z =
A§ax 56y+c5ax+Djax+E53x+F5ay+G5‘O



It is established Section 9.1l. that the partial
differential equations (3.,5-1) can be transformed into
total differentials along three paths, the slopes of

which are given by:

A, £ - By A, P - B, Ay, # - By
C, - Dy C, # - D, Cz =Dz | =0 (3.5-2)
E, p-F E, - F, E; § - Fy

where 0 = %%

Comparison of equations (3.3-1), (3.3-2), and (3.3-5)
with equations (3.5-1) yields the following identities:

Ay By ¢ D, By ¥y Gy
o) 0 u 1 0 0 O
A2 B2 C2 D2 E2 F2 G
1 (5'5"5)
u I ) @) = 0] F
0
B F G
2 B2 Cs Dy 3 3 3
2 2 _
0 0 -a“u -a u 1 (vy-1)(puF+q)

t.

]
it

where v=zu; w=p; 2=P; X=X; ¥

Substitution of these identities in equation (3.5-2)

gives the determinant:
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PP u g-1 0
ug-1 0 —a®p-1)| = o© (3.5-4)
I
0 Eﬂ upPp-1

where @ = o

Expansion of this determinant gives:

wp-1Y-afp-1g - o0
which has the following roots:

(%%) = ula (Mach lines) (3.5-5)
I, I

=5

= n (Path lines) (3.5-6)

Equation (3.5-5) signifies that disturbances are
propagated either rightward or leftward with the local
acoustic velocity relative to the fluid and that wall
friction, heat exchange with the surroundings and entropy
gradients have no influence on the propagation velocity
of a wave point.

Equation (3.5-6) represents the path lines or loci
of the fluid particles and shows that they are characteristic
curves along which the entropy or temperature gradients
may have discontinuities.

The general solution obtained in Section 9.1 gives

the differential equations of the Mach lines in terms of
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the state parameters on substitution of the identities
given by (3.5-3).
From Section 9.1:
(ml A +my Ay + A )dv + (m1 1 +m, Oy + Ca)dw
(3.5-7)

+ (ml E, + m,, E, + E ddz + (ml Gl + G2 + Ga)dx = 0

(&, £-B,)(C; B-D;) - (&, £-B,)(C, B-D,)
(Al ﬂ‘Bl)(CZ ﬂ-DZ) = (A2 ﬂ-B2>(Cl E—Dl)

(3.5-8)

where m1

(AB ﬂ—B5)(Cl D‘Dl> = (Al ﬂ-Bl)(CB g-Da)
(Al ﬂ_Bl)(Cz ﬂ-Dz) = (A2 ﬂ-B2>(Cl ﬂ-Dl>

(3.5-9)

and m2

Substitution of thevalues for the coefficients given

by (3.5-3) in equations (3.5-8) and (3.5-9) yields the

result:
m = e (3.5-10)
2
m, =-3>&5 (3.5-11)

Hence, using equations (3.5-3), (3.5-10) and (3.5-11),

equation (3.5-7) becomes:

i 2 1 L,
lagp - 3—%EQJ du *'[E?ng +u ] dP

1
[ = -(Yl)(pUF+Q)] = 0
u
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from which,

du = [- P+ 25 (up-1) :| %I-) + [—Fﬂ = 35—1)- (puF +q)(uﬂ—l)j|dx

a a p
. . G
Replacing P = a5 eives:

du = = $E [ % (y gt - ax) -at| - Fat - L5 (puF+ q)(u dt -dx)
p dx a2 a2p

and substituting u dt - dx = ¥ a dt from equation (%3.5-5)

then gives:

_4Pdt ~u £ (y=1)
du = o "Ex (+ = = 1) - F dt = B (puF + q) dt

which after putting %% = —_j;__ becomes:
u - a

_ s dp : u + (r=1)
du = + - F [l + (y-1) P }dt -~ 5o q dt

Replacing F by g%.—ﬁ—.ue and eliminating p by writing

1 a
= p -7 D then
_adP £ _u 2 = g]
du = + > P - 3@ Tur v [l + (y-1) = dt
: (TY;I) 28 at (3.5-12)

Equation (3.5-12) can be made dimensionless by

dividing throughout by ao , the datum level for the systen,
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thus becoming:

2 (IL];) 2 9 3¢ o =00

Y aOP

1=l
Y (see Section 3.4)

Now

]
~

o
st

0s o

Therefore
P
a(==)
P Y
2 > - & L4 6=)
P P P
0s e
Po

~

a

|
i
o
—
Van
|
\/

(3 . 5‘1’-‘-)

2 Rl
- _:% 8 ¢ [(P )

~

lW
-/

<

Hence writing U for (éL), X for (%1 and substituting
)

equation (%.5-14), equation (%3.5-13) becomes:
e

£ _ - _2 %os — £ u - g]
(a U)I, e -1 ao (dX)I, =~ I Tal a—o- |:l F (Y—l)a (dt)I, T

* X=l 89 (qt)
L By IE (5 7-05)
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This is the final equation denoting the change in
state and particle velocity along a characteristic in
the physical plane.

Equation (3.5-15) may be written as:
@T)r o =72 298 (%) _-(@0) +(@b)
Ly &l 1 AP f

the last two terms representing the influence of wall
friction and heat transfer with the surroundings.
Neglecting these correction terms and assuming isentropic

flow conditions gives the result:

2 po—
== @ X)I, I (3.5-16)

(d U)I,I[ = + Y-

which is identical with that obtained by initially

assuming isentropic flow. (see Section 9.3)
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3.6 Solution of Flow Equations Using the Method

of Characteristics.

The graphical solution of the flow equations using
the equations of the characteristics requires the
construction of a position diagram and a state diagram.
The former has Mach lines which represent changes in
position with time of points on the pressure wave under
consideration, and the latter has lines along which the
change of state is defined. The Mach lines on the
position diagram enclose regions in the pipe whose states
are defined by the appropriate points in the state diagram.

The solution of the flow equations for isentropic
conditions in a constant cross~sectional area pipe is
described in Section 9.4. This method has to be modified
for the solution of the flow equations allowing for the
effects of wall friction and heat transfer from the
surroundings. Since the process is now irreversible,
lines cannot be drawn on the state diagram, as in the
isentropic case, which describe the changes of state
from reéion to region in the pipe.

The equations required for the construction of the
characteristic net are developed in Section 3.5. These
are repeated below for convenience, the characteristic
state equation (3.5-15) being written in finite

difference form.



(AT 72 Zos % _ £ u w 17 (=12 |(at
X, o iy X, T "33 Tu o Y-1)3 X, o

IO (3.5-15)

&) +
dt I,m = u-a (3.5-5)
E - (3.5-6)

Consider the position and state diagrams, Fig.l13 and
Fig. 14 respectively. Given that the state parameters of
regions 6.4 and 5.5 are known and that those of region 6.5
are required to be found, the modified method af solution
is summarized below.

1. A provisional state point 6.5' is found by constructing
the characteristics through 5.5 and 6.4, the slopes used
being those obtained by neglecting friction and heat

transfer effects, i.e. from:

w e s
AUy g = +3=1 'ﬁ; AX) g

The values used for a,g in this equation are those
of the regions 6.4 and 5.5 for the slopes from 6.4 to
6.5' and from 5.5 to 6.5' respectively, and the value
of ¥ is that appropriate to the region in which the

network is constructed.
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Position Diagram

fson

Fig.13.

State Diagram

Fig. 14.
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2s Using the approximate state 6.5', the mean values
of u, a, P, £ and q between the states 6.4 and 6.5' can
be determined. Hence, in the position diagram, the
approximate Mach lines which complete the field
boundaries of region 6.5 can be drawn using equation
(3.5-5), and the path line (shown dotted) can be drawn
using equation (3.5-6).

The approximate mean time (At path) for particles
arriving in region 6.5 from region 6.4 can be obtained
from the position diagram by direct measurement.
Substitution of this, together with the mean values
for the other variables in equation (3.4-=7) gives the
first approximate value of &g for the region 6.5.

3 The wave times (At)I, o can be obtained by direct
measurement from the position diagram and substituted

in the characteristic state equation (3.5-15) together
with the mean values between 6.4 and 6.5' and 5.5 and 6.5
for the variables a,gr Wy & P, f and q. The state
equations are then solved giving the first approximation
for U and X in the region 6.5.

y., The first approximation to state 6.5 can be plotted
in the state diagram and the procedure outlined in
paragraphs 2 and 3 above repeated until satisfactory

convergence of the values of U and X are obtained.
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5.7. Solution with temperature discontinuity.

A temperature discontinuity in the gas flow is
established at the surface of separation of the hot
gases being discharged from the cylinder and the
cooler residual gases from the previous cycle. This
interface will be swept along the exhaust pipe with the
local particle velocity and is thus a path line. 1In
general, the volume of the exhaust pipe is in excess of
the volume of gases discharged from the cylinder, and
several discontinuities will exist in the pipe at any
instant. A pressure wave encountering a discontinuity
of this nature undergoes a change of state due to partial
reflection. The transmitted wave is propagated in the
next gas region at a velocity appropriate to the fluid
temperature.,

To analyse the conditions at the interface, it is
necessary to assume that no diffusion or heat conduction
occurs between the hot and cold regions and that the
discontinuity is a definite plane fluid boundary. Also,
the fluid pressure and particle velocity immediately
adjacent to both sides of the interface must have the
same values.,

In order to clarify the method of solution, the
problem is considered below in three stages, viz:

(a) solution for isentropic flow with constant specific

heats; (b) solution for isentropic flow with variable



So

specific heats; (c) solution for irreversible flow
with variable specific heats. The latter is the
method of solution required for the firing engine
analysise.

In all three cases, the parameters referring to
the hot and cold regions associated with the
discontinuity are identified by the index marks ' and

" respectively.

(a) Solution for isentropic flow with constant

specific heats.,

From the state characteristic equation (3.5-16),

written in finite difference form:

Ty o el
(a U )I - v-1 (a aO)I
(3.7-1)
(o 'ﬁ")ﬂ =+ ?%T (Ag—"')n
o)

On either side of the temperature discontinuity the

following isentropic relationships hold:

=1
1 ] 1
%— = Toi (%—) 2y
0 s o
x___]_ (5-7-2)
2y
" a" P“
i— = oS (;T)
0 8o o

If the region of state associated with the

discontinuity is small, then the pressure and particle
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velocity will be the same for the whole region, thus:

o
o

B 8
(3.7-3)
Pl Pl‘l
and P—O = P_O
From equations (3.7-1), (3.7-2) and (3.7-3) it
follows that:
s 2 a ! L
(a U)I = k< o8 @ X)I
o
(3.7-4)
== 2 aos" =
@ U)g = +373 2 (AX)g

where 4 U = 4 U" = o T

A8 XV = X0

o]l
[

A

Thus the characteristics for the rightward and
'

a
leftward moving waves have slopes (- ?%T ?§§>I and
o
2 ”n
oS 2
(+ Y1 =, )]I respectively.

Consider the beginning of blowdown with exhaust
gas entering the pipe at a temperature T'. The
stagnant gas at ambient pressure Po in the exhaust pipe
is assumed to exist in two distinct temperature regions
T" and T"' as shown in Fig. 15.

At the instant of port opening, the acoustic wave



o Plane of ports

52

Position Diagram

Plane of opengend

=9

Initial Temperature Plot.

T{' e

>l

'
State Diagram
-9 &
Slope 5 ;%#

os

=l
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bcd will travel along the pipe, its propagation
velocity depending upon the temperature of the gas
regions through which it successively passes.

The initial wave 2 is then propagated along
the pipe, the amplitude and particle velocity of
region 2.1 being known from the boundary conditions.
Thus state point 2.1 lies on a characteristic of slope

a

4 I%l ;97 through 1.1 in the state diagram.
oS

On reaching the discontinuity AA, partial
reflection of the wave 2 occurs. The partially
transmitted wave moving to the right must now satisfy
the state conditions of the next region at temperature
T" and thus state point 2.2 lies on a characteristic

a

of slope + I%l ;97 through 1l.1.
0s

The mean pressures of regions 2.1 and 2.2 must
have the same value since no mechanism exists in these
regions to produce any change. It should be noted,
however, that although no discontinuity in pressure
and particle velocity exists on either side of and
immediately adjacent to the temperature interface, a
variation in particle velocity can exist between regions
2.1 and 2.2 when considering the mean states, since
these regions are comparatively large.

Since Y is constant, X for state 2.2 will have
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the same value as X for state 2.1, and thus the

intersection of a horizontal line drawn through 2.1
a

with the + 1__51 ——-a°..
oS

characteristic locates state

point 2.2. The path of the temperature discontinuity
in the position diagram can now be plotted using
equation (3.5-6) and the mean value of u between states
2.1 and 2.2.

The rightward moving wave 2 will continue along
the pipe with uniform velocity until it encounters the
temperature discontinuity BB. If it is assumed that
this discontinuity is small, then reflections from this
interface can be neglected without undue error, and the
state point 2.3 and the discontinuity path line between
regions 2.2 and 2.3 can be plotted in a similar manner
to that given above.

The partial reflection of wave 2 at the discontinuity
AA travels back to the engine ports and, for convenience,
the duration of region 3.2 is made to coincide with this

reflection. The state point 3.2 must lie on a
a

characteristic of slope - I%l 597 through 2.1 and the
0s

state is determined by transferring this characteristic
to the boundary diagram and satisfying the boundary

conditions (see Section 3.8).

The state point 3,3 is determined by the intersection
a
of the two characteristics of slope - I%l ;97 and
oS
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a
+ I%i ng through state points 3.2 and 2.2 respectively.

oS
State point 3.5 represents the state of the whole region

since the means of the two portions %.,3' and %.3" lie
close to the temperature discontinuity.

The solution for further regions associated with
the temperature discontinuity is similar to that for
region 3%,3.

(b) Solution for isentropic flow with variable

specific heats.

The ratio of the specific heats, Y, is now a function
of temperature and v'# Y". Therefore, although the pressure
on either side of the discontinuity in any particular region
must be the same, X' # X" for the hot and cold parts of the
region respectively.

Consider the superimposition of two waves in a region

in which a temperature discontinuity exists, see Fig. 16.

Hot kegion s Cold EKegion

Position Diagram

Fig. 16.
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From the state characteristic equation (3.5-16)

written in finite difference form:

T & = __ [
ol S s
(3.7-5)
e B 2 a"
@Uug = *ymg G

If the region of state associated with the discontinuity
is small, then the pressure and particle velocity will be the

same for the whole region, thus:

T, - o S S (3.7-6)
%o %o
P t P n ) " ]
and “3 = 3 which may be written as:
P ¥
o o
2y’ Py
al ) ! alt ?h
(=) - () (3.7-7)
oS os
From equation (3.7=5)
U T ! -2 _ 1 .
Uz' -0, - Y1 a, (az a,)
(507-8)
T n T -y 2 l no_
U3 -0, = b ST 2 (a3 a2)

Using the equality given by equation (3.7-6) and

subtracting equations (3.7-8) gives:
T T = 2 _ 1 2 _ 1
B =Ty - -7 o (' - - @

n_a)
0O 5 e

(3.7-9)



From equation (3.7-7):

S7

a " YL':

(=)

oS

a '
oS

which on substitution in equation (3.7-9) and rearranging

gives:
a." a _ an" a " a
a n = [ _:_.-_.l_) ""'2"7 (U -U - —%—-— m oS + "2 _2
os 2 8 1 2 Y'-lajg a Y'=1a,
= i
3 - fl)]
s
Vel ao
a a a
g = e 2 2 2 1
= d(r'-1) =55 (U0, + o7ty ==+ === —=)x
( > - > L s T -1 a,
Y1 ry'
YRL YT
[1- o 35 a,r 1 J
Y"_l a" a - el a i 2 —]:
oS (0] (Ul-%"",r" = | a e Yl_l 2 )
o) (o)
-1 oyt
[ ) . > an aog 1 Y_CT- "
o Y"l T K(l- T "“:T: ")
2 %os Ll 8,5 %o K
- = 2 s g W
where K = Uy~U,+ -1 g; + By ‘;v
Therefore:
::"-l ) LI
a_n 5 . Yt_l Yu
2+ - K (1 -K' ) (3.7-10)
os oS
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a 1))
where K' = Y”'E Eif %
[ . D e
a ] Y'_l Y"
and Kl = '-1l) — einp KJ
e os

K' and K1 are unique constants for the step under
consideration since for small changes, the change in y'!
and y" will be infinitesimally small.

Expanding equation (3.7-10) by the binomiel theorem

and neglecting second and higher orders gives:

a n
25 = K (1_7_"'_“_ I_Kv_i.)
(o)< o
a"
5 K (1 o Ly =)
1 e ao;
. Y=L 1" o
where K2 = ¥YTolcy"e K
ol K
1
Hence —2—. = (3.7-11)
aoé l+K1.K2
Yl y!
vyl ¥'
B3 a, (' - La, + (Y"-—l)a1'Y 1y
where K, = (vy'=1)(U,=U - +
s ao; b}
and Ky = R(yT-I a_ i 2 8 2 4
(Ul-U2+~r-1§+ Y1 ?a—o)

To solve a region of state such as region 3, Fig.16,

a"
;;7 = X% is obtained from equation (3.7-11) using the
os
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known values for the state parameters of regions 1 and 2.

a'
Substitution in equation (3.7-7) then gives 317 =Xl
oS <

Use of the characteristic state equation (3.5-16) will then
yield the value of 33’ and hence the state of region 3% is
completely defined.

(c) Solution for irreversible flow with variable

specific heats.

The method of solution for a region in which a
temperature discontinuity is present when the effects of
friction and heat transfer are included, is similar to
the previous case (b) with the additional complication
of determining the change in aos for both the hot and
cold parts of the region.

From the characteristic state equation (3.5-15),
written in finite difference form:

2

T = - a_' . IT1
@avu )I - y'=1 a ao)I av f+q)I
. (3.7-12)
11 - - - a_ FiL
(a U")]I o & Y'-1 (A ao)I + (AU f+q)I[
where (A ﬁf+q)I I represents the combined effect of
9

friction and heat transfer.
Following the same argument as given in case (b),
but using equation (3.7-12) instead of equation (3.7-5)
gives the result:
n
EL" gy ? K S
574

0s
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where:

' w dz o e (Y'-l)a2 + (Y"-l)al
K5 = {(1 2—1)(U1-U2) a | e v (Yﬁm_?'

os 0s
Y=l . T
%o [ = - J y¥=1"r"
= Y. o, [ 1 "
(Ia_l) aos' (AUf+q)I + (AUf'I'q)I
and
B = 21 ao; 1
g Yyl 8, " a a
) T 2 _2 2. & w
(ﬁl U2)+ y"-1 a0+—r'—1 ao— [(AU'i'+q)I
Z UT|
+ (A f+q)1ﬂ

Consider Fig.l?7 in which it is assumed that regions
3.5, 3.6, and 4.5 are known, and region 4,6 is required
to be found. The method of solution is summarized below.
i The approximate state point (~4.6) is first
determined neglecting the effects of friction and heat
transfer, i.e. isentropic flow with variable specific
heats, using the method outlined in (b).
2 Using the approximate state point (~4.6), the mean
values of u, a, P, f and q between the states 4.5 and 4.6"',
and 3.6 and 4.6" can be determined. Hence in the position
diagram, the approximate Mach lines which complete the
field boundary of region 4.6 can be drawn using equation
(3.5~5), and the path line drawn using equation (3.5-6).
P The approximate mean time (At path) for particles

arriving in region 4.6 from region 3.5 can be obtained
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from the position diagram by direct measurement.
Substitution of this, together with the mean values
for the other variables in equation (3.4-~7) evaluated
for both sides of the discontinuity gives the first
approximate values of aoé and aog for region 4.6,

s The approximate wave times (A t)l, o can be
obtained by direct measurement from the position
diagram and substituted with the mean values between

states 4.5 and 4.,6' and states 3.6 and 4.,6" for the

variables a,gr Us @ P, f and q to obtain the value of

q) + (A—"f+q)1[ ] *

2 Equation (3.7-13) 1s then used to obtain a

B

closer approximation for —ir and a closer approximation
to state 4.6 evaluated. i

<Py The procedure outlined in paragraphs 2, 3, 4 and
5 above are now repeated until satisfactory convergence

of the values of U4.6 and P4.6 are obtained.
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3.8. Boundary conditions.

The solution of the unsteady one-dimensional
flow equations in the exhaust pipe by the construction
of characteristic nets in the physical and state
planes is developed in Section 3.6, At the engine
ports and at the open end of the pipe, however, the
boundary regions are determined from the boundary
conditions, In this Section, the boundary conditions
are developed and the application of the boundary chart
described.

An exact analysis of the flow process must take
account of unsteady motion in the boundary regions.
This is, however, extremely difficult, and plausible
approximations can be made to simplify the analysis
without introducing undue error.

The assumptions made in the development of the
flow equations and the analysis for changes occurring
in the cylinder are listed below.
k3 Adiabatic quasi-steady flow through the air and
exhaust ports, and at the open end of the pipe. This
implies that the steady flow adiabatic energy equation
applies instantaneously across the engine parts and at
the open end of the pipe. Further, the flow condition
that is valid for steady flow through a restriction
where the effective flow area is small in comparison

with the upstream and downstream areas holds. This is
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equivalent to assuming that the change in flow pattern
with respect to time may be neglected in comparison with
the change with respect to distance.

e The effect of wave action in the cylinder on the
process of discharge decreases so rapidly with increase
in the ratio of cylinder area to pipe area that it may
be neglected for the problem under consideration.

S The cylinder ports are regarded as a sharp edged
orifice, the coefficient of discharge depending upon
the pressure ratio across them and Reynolds Number

(see Fig. 28).

4o The ratio of the specific heats, Y, across the
ports and at the pipe open end is taken as the upstream
value in each case.

5. There is no mixing of the products of combustion
from the previous cycle with the fresh air charge drawn
in during the scavenge process., This means that during
the scavenge process, the cylinder is assumed to
contain two distinct gas regions separated by a plane
fluid boundary.

e The fluid in the cylinder is regarded as quasi-
perfect, the appropriate mean value of ¥ being used for
each step in the process,

Lo The temperature of the air in the cylinder is
taken to be the temperature of the air upstream of the

air ports, i.eo no heat energy is absorbed by the air
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after its admission into the cylinder,

8. The pressure throughout the cylinder is uniform
instantaneously.
9. All processes, excluding the cylinder congtents,

are adiabatic and not necessarily isentropic.

10. The cylinder process is isentropic.

1l1l. For fluid flow from pipe into cylinder, there is
no pressure recovery after the vena contracté, i.eq
the pressure in the cylinder equals the éressure at
the vena contracta.

12. For fluid flow from cylinder to pipe, pressure

recovery occurs after the wvna contracta.

A% . For inflow at the open end of the exhaust pipe,
the pipe end behaves as a Borda mouthpiece.

Assumptions 1, 2, 3, 8, 9, 10, 11, 12, and 1% have
been shown by earlier reseérch to be valid approximatious.

(a) Boundary diagrams for the cylinder.

The assumption of quasi-steady flow through the
cylinder ports enables theoretical relationships to be
established between the pressures on either side of the
cylinder ports, the mass flow through the ports, and the
associated particle velocity in the pipe. These relation-

ships can be expressed in the form:

P u

2 2
53 T
P u

2
ARG

| 1
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Using these relationships, curves showing the
u E
dependence of Eg on ?3 for constant values of effective
1 1

flow area k, and mass flow number M, are shown in Figs. 18,
19, 2C and 21 for values of ¥ = 1,5 and ¥ = 1.4, and for
both inflow into, and outflow from, the cylinder.

Strictly, the outflow charts relate to conditions at
a plane in the pipe some distance from the ports. However,
this distance is very small in comparison with the pipe
length and can be ignored.

Outflow from the cylinder.

The equations describing outflow are as follows:

L9 Cylinder to vena contracta

Energy equation:

2 2 2 2
uc=?-_-I(al-ac)
Isentropic state equation:

2Y
P a. yv-1
& = =2y

Characteristic gas equation:

‘YI%
Bg = ;_?
e
2. Vena contracta to pipe entry section:

Energy equation:

2 2 2 2 e
Uy = B, = = (ac - a, )

Continuity equation:

Uy Padg = Y By &y
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A,

which on putting k = K_ becomes
2
Uy Po k& = U, py

Characteristic gas equation:

For subsonic flow through the ports, the pressure
existing at the centre of the vena contracta may be
assumed to hold, not only in the gas stream, but also
in the stagnant region surrounding the fluid stream in
the pipe entry section. Hence the momentum equation can
be applied from the vena contracta to the pipe.

2 2

i.e. Ib - Pé = k Po U = Pp U,

Solving the above system of equations gives the

result:
By 2y Y u, 2
(T%) - kG )/l[( £) -1}[1-1;%(;%)] (3.8-1)

For sonic flow through the ports, the particle
velocity u, at the vena contracta is equal to the local
acoustic velocity a,e Using this criterion instead of the

momentum equation, and solving, gives the result:
>

=2 - k(—) (——-)ZIY-T) [1 - L) (:—i-)g] (3.8-2)
1
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To determine the mass flow relationship, it is
sufficient to consider the conditions in the cylinder
and the pipe only. This obviates the assumption of
sonic or subsonic velocities at the vena contracta and
the resulting relationship is valid for all conditions.
Further, it is convenient to introduce a dimensionless

mass flow parameter M, defined as:

Ay Py Uy Pp U,

M = —_— =
Ay Py 2y Py &

The flow equations from cylinder to pipe are:

Energy equation:
w2 .20 (1 _ Tey
e ~¥-=1 ' P

Characteristic gas equation:

rP e _ 2
P
which on rearranging and solving gives:
B
oy il
— = u22
P =1l 2
1 1-%F D
. : Po
Eliminating = by means of the mass flow parameter M
1
gives the result:
P a r u, 2
-2 - 1 -1 2 .
7, - M (ue) [1 - == a1) ] (3.8-3)

Equations (3.8-1), (3.8-2) and (3.8-3) plotted for

constant values of k and M, are termed 'boundary diagrams'.
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Figs. 18 and 19 show the boundary diagrams for values
of ¥ = 1.5 and ¥ = 1.4 respectively.

Inflow into the cylinder.

Since no pressure recovery is assumed after the
vena contracta, the flow equations from the pipe to the
vena contracta describe the flow, and are as follows:

Energy equation:

2 2 2
uc -u2 «-m(a2~ac)

Continuity equation:

Ba Py = kW, Py

Isentropic state equation:
2Y_

f? N Eﬁ - (ig) L

Pl Pc 4

-
2 2
(22)2 - Y-l [(?I) - }
2,}?{)T =

The mass flow relationship for inflow is determined
by using the mass flow parameter M and the isentropic state

relationship.

P a P Py Y .
Substituting 2 = M_Lin ?g -( .2) gives:
P1 wa 1 P1
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Ib a

1
: ke (M GE)Y (%.8=5)

Figs. 20 and 21 show the inflow boundary diagrams
for values of ¥ = 1.5 and ¥ = l.4 respectively, plotted

using equation (3.8-4) and (3,8-5).

(b) Variation of pressure in cylinder during blow-down

and scavenge periods.

The pressure changes that occur in the cylinder
of a reciprocating engine can be ascribed to:

1. Mass addition and rejection through the inlet and
exhaust ports,
e Change in cylinder volume due to the movement

of the pistons,
5e Heat exchange with the cylinder boundary.

The assumption of isentropic conditions within the
cylinder means that item 3 above is neglected in the
following analysis.

Consider an elemental process, of time interval dt,
during the scavenge period. Let the net increase in mass

of the cylinder contents (d ml) be given by:

d ml = d ma - d m,

Then the energy equation for the cylinder, neglecting
any changes in kinetic and potential energies, is:

dQ- dw = d(m H)e - d(m H)a + d(m U)l
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where AW 1is the work done on the pistons by the gas,
and dQ 1is the heat transfer into the cylinder.

The process is assumed to be isentropic, hence
dQ=0 and dW=P dVl. Also H and U can be replaced

1

by C. T and Cv T respectively, where Cp and Cv are the

p
mean values for the elemental process. Hence the energy
equation becomes:

+Cv medTe+ Cv ‘I’a dma+ Cv madTa
e a a

Dividing throughout by Te’ and putting Cv m, dﬂ¥1= 0]
a
since it is assumed that there is no change in internal
energy of the entering air, gives the result:

Pl dVl 4 s

-eeedd . 0 di =0 24dn + 8 4=
Te pe 12 pa Te a Ve e
d Te Ta ( )
+ C m + C — d m 3,8=6
Xy * Te A Te a

From the characteristic gas equation applied to the

exhaust gas region:
T = P1 ve
e m, Re

which on taking logarithms and differentiating gives:

d T d P avVv d m
& _ : " e _
Te Iﬁ Ve By

e
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Substituting in equation (%.8-6) for g Te, dividing

throughout by m Cv and rearranging gives:

e
e
ap, S 1t am % am av. P, av
l __"a a a _ _"e a _ e -1 2
- m
P1 CV Te Dy Cv M Ve Te CV m,
e e e
C
v T d m
a a a
-5 T (3.8-7)
Cv Te m,
e
Putting R, = (Cp - Cv ) in the characteristic
e e
gas equation for the exhaust gas region gives:
C C
Pl N Pe - Ve
B Te Ve
Also Ve = Vl - Va
hence 4 Ve = 4 Vl - d Va
51
Substituting for —F— and d V_ in equation (3.8=7)
C e e
P
replacing 5_2 by Ye and rearranging gives the result:
Ve
c -
da P p. T
A 1 [ a a (
= Yy =1)dm +dV_ -y 4V J
Pl Vl—Va Pl e a a e 1
d m,
T Vg e (3.8-8)
e

or written inp finite difference form:



- Y - (3.8-9)

where the variables are the mean values for the step under
consideration.

For the period of blowdown only, i.e. for the period
when the exhaust ports only are open, all the terms
involving the incoming air are zero and equation (3.8-9)

reduces to:

A P
+ ) (3.8-10)

The expressions for the associated changes in
temperature, density and local acoustic velocity for the
exhaust gas region are obtained by logarithmic differentiation

of the characteristic gas equation and the isentropic state
E B

relationship, i.e. Bl = Re Te and —l? = constanto.
e Pe
Thus:
& T Yy -1 AP
— - — ot (3.8-11)
e Te 1
A p AP
- L 1 (3.8-12)
Pe 8 i
A a Yy -1 AP
i E 2 (3.8-13)
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Equations (3.8-9) to (3.8-13) inclusive, completely
define the state parameters for all cylinder changes

during the blowdown and scavenge periods.

ge) Open end reflection.

At the open end of the exhaust pipe conditions of
outflow and inflow have to be considered.
1. Qutflow

Only subsonic outflow can occur in the problem
being considered; and if the inertia of the fluid
outside the pipe exit is neglected, the state of the
gas in the plane of the open end can be assumed to be
that of the surroundings. Hence, under all conditions

B
of subsonic outflow the pressure ratio ﬁé in the exit

0
plane can be taken as 1.0, and the state at this plane
can be represented by a horizontal line through the
origin of the state diagram.

2a Inflow

For inflow, the pressure in the plane of the open
end is no longer that of the surroundings but must
satisfy the theoretical relationship for the Borda

mouthpiece configuration.

Assuming isentropic quasi-steady flow from the
surroundings to the pipe inlet plane gives the following

equations:



Energy equation:

2

I S N .-}

-1 pg -1 p, 2
from which L = m= [:l - 1:;(E§)2] (3.8-14)

5~ o 2 “a, =
Momentum equation:
2
PR = Py Uy
T Pé Y u22
from which _65- o (%.8-15)
&2 =)
2

Equating equations (3.,8-14) and (3.,8-15), and

rearranging gives:

IB T
P o= 1+ — (3.8-16)
u, 2

For inflow, all state points in the plane of the pipe
open end must lie on the curve defined by equation (3.8-16)
and this curve can be plotted on the state diagram. Also,
in the derivation of this equation no assumption was made
with regard to the flow being sonic or subsonic and hence
it is wvalid for all conditions of flow.

Thus, for both inflow and outflow at the open end of
the pipe, the boundary conditions can be directly super-
imposed upon the state diagram and separate boundary

diagrams, as in the case of the cylinder ports, are not

required.
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(a) Application of the boundary diagrams for the cylinder

To take the variation in specific heats with tempera-
ture into account for the products of combustion in the
cylinder, strictly requires the use of a boundary diagram
drawn for the mean value of Y for the cylinder step under
consideration. However, it is considered adequate to use
two boundary diagrams for both inflow and outflow drawn

for two values of Y. The values of mass flow parameter (M),

=1
= P, 2r
dimensionless pressure ratio [X = (fr) and dimensionless
o)
e |
particle velocity (U = 5—) for the actual value of Yy are
o)

then determined by a linear interpolation between the results
from the two diagrams. Thus, at the cylinder exhaust ports,
two imaginary state diagrams, one for each value of ¥y used
for the boundary diagrams, must be inferred and two complete
sets of calculations performed to obtain the cylinder and
pipe parameter changes.

To illustrate the method of analysis, the two boundary
diagram values of y (and the associated parameters) will be
denoted by the index marks ' and "; and in the following
explanation of the method of solution, all remarks, although
in the singular, apply to both cases where applicable.,

Consider the region of state 9.8, commencing 't'
seconds after exhaust port opening, see the position diagram

Fig.22. The initial values of the parameters for this step

are given by the values at the end of the preceeding step
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(region 8,7). Using these initial values, the first
approximate value of k for step 9.8 can be evaluated,
and knowing k it is possible to position the approximate
state point 9.8 on the boundary diagram by satisfying
the following two conditions.
(i) the state point 9,8 must lie on the k line in the
boundary diagram.
(ii) for isentropic flow, state point 9.8 must be
situated on the ﬂé characteristic through state

point 8.8.

Since the solution requires an iteration procedure,
it is convenient to determine the required state point
isentropically and then apply the correction for
irreversible flow.,.

For the first approximation to the state 9.8, the
known state 8.8 is transferred from the state diagram to
the boundary diagram. This entails the transfer of a
characteristic between two different sets of co-ordinates,

. B, 5o, Up Jo, PR DB PR

viz: [(P—) ] ’ and[a—] i e [(-13—) jl ' and L(,-é—)] ¥ .
o o o 1

The slope of the characteristic in the state diagram which

is to be transferred, is given by equation (3.545) in which

the friction and heat transfer termsare neglected.

a
ices (A TY," = [+ Y%l ?C’oﬁ (a 'ih-}“," (Zw8=l?)
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From equation (3.8-17), the slope of the

characteristic relating X and U in the state diagram is

R

The cylinder parameters, P1 and a,, are taken as
constant and equal to the mean values for the region,
therefore equation (3.8-17) can be written as:

-1 -1
[(P ) XFMP y B o 1% & A(EE-J " (3.8-18)

a
ao 1

The cylinder process is assumed to be isentropic,

y=1
" oy b - N .
ence, - = = (fr) , and substitution in equation (3.8-18)
oS o

gives the result:

A | a us 10w
[ o(F )2*] " [ = Maf)J : (3.8-19)
0s

From equation (3.8-19), the slope of the characteristic

%ll |} " u2 ! n
relating ( ) ’  and (E_) ' in the boundary diagram
/)

s a Y on
is (+ Iil agél) ' . The intercept of this characteristic
os2

With the ordinate axis in the boundary diagram is given by:

e
[(P )%] LI [cP )I~W (P°>IWJ (3.8-20)
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P 12:1- gl . . .
where (ﬁ-) : 4 k is the intercept with the ordinate
- "0

axis in the state diagram of the characteristic,slope

a
(Igl - ©_)',m , drawn through the inferred state point
os2

(8.8)",". The value used for P, in equation (%3.8=20)

for the first approximation is the initial value for the
cylinder step.

Thus the characteristic on which state point 9.8
is situated, to the first approximation, is completely
defined in the boundary diagram. Its intersection with

the k line locates the state point and gives the pipe

"P2I"_lvn
to cylinder pressure ratio L fr) Y ' , the exhaust
i |
gas mass flow parameter Me',", and the dimensionless

u
particle velocity (§§>""'
1

Assuming that region 9.8 comes within the scavenge
period, AIH_cannot be evaluated until the air mass flow
is determined. Since the entering air is at the ambient
condition, ¥ is constant, and the mass flow parameter can
be determined directly from the boundary chart evaluated
for vy = 1.4, the value used for air.

The induction duct, being very short, is assumed to
be a neutral system, i.e. one in which wave action can be
neglected. Hence, the inflow mass parameter Ma is found

by plotting on the inflow boundary diagram, Fig.21l, the

steady flow isentropic ellipse relationship, viz:



(o X=1]
=) G2y |°
a) B = o e
2 B g e @ ‘.
—) (=) 2y
Y-1 ‘a, Py |

where ay is the ambient local acoustic velocity. This

relationship is derived by assuming that there is no loss
of total head pressure between the ambient conditions and
the boundary of the inlet ports.

The intersection of the line given by equation (3.8-21)
and the appropriate k line for the air ports gives the
required mass inflow parameter Ma for the step.

The mass flow of air and exhaust gases is then
determined from the mass flow parameter definition, viz:

where At is the approximate time for the cylinder step

obtained by extending the field boundary of region 8.8,

and the values used for M, a1y Pqo and A.2 are those

appropriate to the air and exhaust gas regions respectively.
Use of the An%. obtained yields the value of the

mean Va and AVa for the step, and substitution of these,

together with the other variables in equation (3.8-8)

gives the first approximation to Alﬁf The mean values of

Pl’ : o a_ and p for the cylinder step can now be

e’ Pe> e
evaluated using equations (3.8-11), (3.8-12), and (3.8-13%),

and the Ye variation curve Fig.29 .



Application of the following identities

it -1 tn -1 -1 t n
ENE S | (&5 Ay
Po - Pl Pb>

-
(o)

d o
gives the pressure ratio and particle velocity at the
port boundary within the exhaust pipe, and the approximate
field boundaries to region 9.8 can be constructed in the
position diagram using equation (3.5-5).

Using the nearer approximation to At, and the
calculated approximate mean values for the cylinder step,
the above procedure is repeated until satisfactory
convergence of the value of AI} is obtained.

Having determined the state of region 9.8 for
isentropic flow, this now has to be corrected for the
effects of friction and heat transfer. The correction is
effected by transferring state point (8.8)'," to the
boundary diagram and drawing a line of slope
w TN 2}1]'" . . .
[A(E-)/A(ﬁi) ’ from it to the appropriate k line,

1
see Fig. 23, State point (8.8)'," is transferred to the

boundary diagram using the value of Pl appropriate to
region 9.8, and the slope of the characteristic through
(8.8)'," is obtained as follows:-

From the characteristic state equation (3.5-15) written

in finite difference form:
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Slope from equation
X (3.8-23)

Boundary Diagram

Fig.23
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a

- 08,5 ton - ron
(a U)]'I," = [+ Ygl o (a X)]IJ L [(A Uf+q)II] ' (3.8=22)

where (A Ef+q)ﬂ: represents the combined effect of friction

and heat transfer.

This characteristic can be transferred to the boundary

: a P I=1
diagram by multiplying throughout by o (ﬁg) 2Y, giving:
osl i
-1
u a
2 & en ey
(A—>',"—[ = A6 } [ ) 7= x
it | r-1 ao i 1 f+q %os1
=1 '
(:-Pig)2 J 1,'
1
- u "l,"
A(5) e,
. 3. 2 0Se ?
le.€Co _1 = Y—l a
P osl
A (<2 )2Y
- Pl -
!‘l ]
Po 2Y b
o (£-)
" B T 5 —2 (3.8-23)
%os1 15ig P, %fl
a(E=) Y
B

The previously determined provisional value of
B, 5o
A(fr) Y and the mean values of the variables between
1
regions 8.8 and 9.8 are now used in equation (3.8-23).

The corrected state point (9.8)'," in the boundary
P Y=-1 o
diagram gives new values of (-—)27‘, M, and (5—) for
l 1

step 9.8. Using these values, the incremental state
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changes in the cylinder are recalculated and a more
accurate state point 9.8 plotted, together with the
associated correction of the field boundaries in the
position diagram.

The procedure is repeated using the last found
values until satisfactory convergence of the state
changes is obtained.

During the early part of blowdown, choking of the
ports occurs, and while this condition persists the
mass flow number Me is unaffected by changes occurring
in the exhaust pipe. Hence correction for secondary
effects within the pipe will not influence the state
changes in the cylinder. Also, for the period of

blowdown equation (3.8-10) is used to obtain.AIH_instead

of equation (3.8-9).
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3.9. Summary of all eguations.

For convenience and reference, all the equations

necessary for the solution of the problem are given below.

Section 3.3,

Mass continuity

0 d d
p 5.)%. + U 3)2( + 5% = 0] (5'5—1)
Momentum
g_% + U %% + % %-}P% + F = O (5'5-2)
Energy
w2 (@, ud)n r-1)(PuF + @) =0 (3.3-5)
_ _ £ u P
where F = 5q TET u
and a2 = %?

If friction and heat transfer effects are neglected,
i.ee« @ = F = O, then the flow is isentropic, the energy
equation becomes redundant ami is replaced by the isentropic

state relationship, and the resultirg equations of flow are:-

Mass continuity:- as equation (3.3-1) above,

Momentum
du du 2 ap -
Py *rPUS va 2 - 0 (3.3=7)

State equation

-—~ = constant

pY
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Section %.4.

The entropy gradient is given by:-

2%0s _ (y-1) £ u . N2 At y-1 g
s -t T2 2d Tul (aos) > =L *2r p4F  (Ga?)
(ir) Y
o
where the prefixes 1 and 2 refer to the initial and final

conditions respectively.

Section 3,5,

The physical characteristics are:-

(%% I, T - u ¥ a (Mach lines) (3.5-5)

%% = u (Path lines) (3.5-6)

T - 2 0S = = =
(a U)I, Gl | ? (da X)I, T - (a Uf)I, o+ (a Uq)I, -
where
@i, _ £ o 17 (v-1) 2| (at)

£/1, T 7 24 ur & i a I, I
and

T _+Y-1 &g
@0l o=~ a P dt); g

and all parameters of state are the mean values between

the states under consideration.
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Section 3.7

At a temperature discontinuity:-

K
a"
S —— (3.7-13)
a"os 1l + K5 K4
where
TP (CTROTC A B R et S
= - - _—
3 5 1 2 aés (y"=1) aés
-1 3!
a = T 4]
- (y'-1) =2 T Yh=l
Tz 1) aés [(A U'f+q>I + (8 U"f+q)II:'}
and
o 2! ags 1
4~ Y"(y'-1l) a a a
O M _ T 2 __2 2 _
(Ul U2) * Y7 =1 - +,Y-l_1 ao

Section 3%,.8.

(a) Boundary diagranms.

OCutflow from the cylinder is defined by equations
(3.8-1)(3.8-2) and (3.8-3), and these are shown plotted
in Figs. 18 and 19 for values of ¥ = 1.% and v = 1.4

respectively.

Inflow into the cylinder is defined by equations

(3.8-4) and (3.8-5), and these are shown plotted in Figs.

and 21 for values of ¥ = 1.3 and ¥ = 1.4 respectively.

20
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The steady flow isentropic ellipse for inflow with

zero pipe length is:-

b %;l- 2
Z2y2 [<—2> !
a
1 + l = = l
a I:l~
= GB° T
1 (fr)
. 1 -

(3.8-21)

The slope of the transferred characteristic to the boundary

diagram, which gives the correction for irreversibility

in the pipe is given by:-

Y-1
u P 2y
2
A(Z7) R (?g)
1 = 2 052 ao (A ﬁ ) 1
— Y-l 8551  2ps1 b Y-1
P, oY P, v
2 5. &
A(s=) A(ﬁi)

(3.8-23)
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4., Procedure.

4.1l. Determination of the system parameters.

Included in this Section is the preliminary
experimental work to obtain the fuel injection system
characteristics, and the determination, either by
calculation or measurement, of all the parameters
required to perform the evaluation of the theoretical

analyses.

Fuel pump calibration

The calibration of the fuel pump was necessary
to enable the pump rack position to be determined
accurately and quickly knowing the air mass flow at
any given engine speed.

To calibrate the fuel pump the injection nozzle
was removed from the engine cylinder and allowed to
discharge into a collector vessel. At selected motored
engine speeds, and pump rack micrometer settings which
varied from 0.75 to %.00, the fuel flow was measured
by means of the pipettes in the fuel line for incremental
rack settings of O.l1l5. The engine speed was accurately
monitored, with the aid of a stop watch and the revolution
counter, for the speed range 600 to 1500 rpm. by increments
of 100 rpm. Corrections, where necessary, for engine speed

variation from the selected datum was made to all fuel flow

measurements.



Fig.24
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The fuel flow rates were then converted to air
flow rates for an air-fuel ratio of 17.5 to 1, which
gives an excess air for combustion of 25% when using

Shell Gas 0Oil.

The resulting family of curves are shown in
Fig.24.

Cylinder parameters.

The evaluation of the cylinder gas parameter
changes occurring during the blowdown and scavenge
period requires a knowledge of the variation with crank
angle of the cylinder volume, the ratio of port area to
pipe area and the hydraulic radius of both the air and
exhaust ports. The changes occurring in these physical
parameters were calculated from the geometry of the
engine system, and are shown plotted in Figs. 25, 26
and 27 respectively.

A further parameter required is the coefficient
of discharge (Cd) for the engine ports. Owing to the
experimental difficulties, no data is available concerning
the variation of the Cd term for a port system at the high
temperatures encountered in a firing engine. Using the
cylinder liner and air as the fluid medium, previous
researcﬁ*has, however, been carried out to determine the
coefficient of discharge at temperatures up to 160°F, and
Fig.28 shows the variation in Cd with modified Reynolds

number (Rm) , for a variation in pressure ratio across
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the cylinder ports.
Modified Reynolds number (Rm) is defined as:

R, = (441-1)

where a4 is the instantaneous local acoustic velocity
of the cylinder contents,
r 1is the hydraulic radius of the ports,
Y 1is the instantaneous kinematic viscosity of the
cylinder contents.
Although no direct evidence is available to confirm
that Fig.28 is applicable at high gas temperatures, the
relationships shown therein have been accepted.

Exhaust gas analysis

To facilitate the evaluation of the characteristic
gas constant (R) for the exhaust gases of this engine,
and the variation of the ratio of the specific heats (y)
and viscosity (p) with temperature of these exhaust gases,
Orsat analyses were taken at various engine loads and
engine speeds using the constant air-fuel ratio of 17.5 to 1.
No significant variation in gas composition was found, and
the mean composition by weight for a number of samples is

given below:-

Carbon dioxide 13.93%
Carbon monoxide 1.01%
Oxygen 40 57%
Nitrogen 7%.11%

Water vapour 7+38%
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The water vapour content was determined from a
knowledge of the fuel used and the assumption that all
the hydrogen content burned to water vapour.

The characteristic gas constant for the exhaust
gas, using the mass mean of the values for the individual
constituents is:

R = 97.80 ft.lb./1b.°C.

Variation of the ratio of the specific heats (y) for the

exhaust gases with temperature.

The values of the specific heats at constant pressure
and constant volume of the constituents for the exhaust
gases were obtained from gas tableé7for a temperature
range of 500°K to 1180°K. The mass mean values for the
specific heats were then calculated using the mean exhaust
gas analysis and their ratio (y) is shown plotted in Fig.29.

Viscosity of exhaust gases.

The nomogramf Fig.%0, gives the relationship between
the absolute viscosity and temperature of the individual gas
constituents.

The mass mean value for viscosity was evaluated from
the values for the exhaust gas constituents for a range
of temperatures and superimposed upon the nomogram. These
lines were found to intersect within a very small region,
the centre of which is shown on Fig.%0 as the mass mean.
This mass mean point was used to determine the absolute

viscosity of the exhaust gases.
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The assumption of mass mean values for viscosity
is not strictly correct, but in view of the probable
smallness of the error, a full analysis of the problem
is not Jjustified.

Heat transfer coefficient for the exhaust pipe.

Assuming that the temperature gradient across the
bulk of the fluid is negligible or small in comparison
to the mean bulk temperature, then the pipe temperature
can be assumed to be the same as the exhaust gases.
This neglects the effect of heat conduction along the
pipe and also the thermal inertia of the pipe material,
but since the pipe is thin walled, then the error
introduced is probably small.

Thus the heat transfer coefficient (q) for the
exhaust gas can be obtained by evaluating the rate of heat
transfer from the pipe to the surroundings by natural
convection and radiation.

The heat transfer by natural convectionq(hc) is
given by:-

025
a e 2
By & OEg

Btu/hr.ft.< °F (4.1-2)
where the value of 'a' in equation (4.1-2), for air, is
listed in reference 9 and
C is a constant depending upon the shape and
position of the hot surface,

K is the coefficient of thermal conductivity

for air in Btu/ft.hr.°F.



i0%

6 is the temperature difference between the

pipe and the surroundings in fahrenheit degrees,

L is the diameter of the pipe in feet.

Hence, using C = O.45 for horizontal cylinders, and
changing the units from Btu, hr., ft., F°, to ft., lb.,

sec., C°, units gives the result:

h, = 9.873 K6 (a 0)*2% ft.1b./ft.° sec.°c  (4:1-3)

where © = the temperature difference between the pipe
and the surroundings in centigrade degrees,
and 'a' and K are the values listed for air in reference 9

in Btu., ft., br., °F units.

q
The heat transfer by radiation (hr) is given by:

4 4
b, = € o(T," ~1.7) (4e1=4)

where € is the emissivity of the pipe surface
o is the Stefan-Boltzmann constant
T2 is the pipe absolute temperature

Ta is the absolute temperature of the surroundings.

For steel oxidized at 1100°F, the emissivity € is
%
0.79, and its substitution with the Stefan-Boltzmann

constant in equation (4.1-4) gives the result:

h, = 9.158 x 107° (2% - T %) ft.1b./ft7.sec. (4.1-5)

Combining equations (4.1-3) and (4.1-5) gives:
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8/m 4 4
(Tt - 7,

q = h_ +h_ = 9.873 K6 (a €)°7 + 9.158 x 107°(1,

ft.1b./ft.0 sece (4.1-6)

Equation (4.1-6) evaluated for an ambient temperature
of 20°C and for the temperature range 450 to 960°C absolute

is shown plotted in Fig.31l.

Friction coefficient for the exhaust pipe.

Determination of the friction coefficient (f) far
the inside surface of the exhaust pipes required the
measurement of the roughness of the soot deposit on the
pipe inner surface.

For this measurement, a Taylor Hobson Model 3
Talysurf was used. Difficulty, however, was experienced
in obtaining a true reading, the pressure of the Talysurf
stylus was sufficient to remove carbon from the soft soot
surface, resulting in a false measurement.

Preliminary experiments were carried out using soot
surface samples obtained by inserting flat plates
longitudinally in an exhaust pipe. To harden the soot
surface, a shellac-alcohol solution was lightly sprayed
onto the surface using a very fine atomizer. The strength
of the shellac solution was increased, on successive samples,
until the surface as seen under a microscope was not 'cut up'
by the measuring stylus. Plate 2(d) shows a sample with two
stylus tracks and the resulting disturbance of the soot on

an inadequately treated surface.
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Using a Vickers microscope at a magnification
of 40X, and obligue lighting at an angle of approximately
15° to the plate surface, photographs of a sample before
and after treatment with the correct strength shellac
solution, is shown in Plates 2(a) and 2(b) respectively.
These photographs show that the soot surface was unaffected
by the treatment.

Two surface roughness measurements were taken, and
to show conclusively that after shellac treatment, tracking
by the Talysurf stylus produced no apparent damage to the
surface, the sample plate was turned through 90° and the
stylus taken across the two existing tracks; see Plate 2(c).
Examination of this latter recording showed no trace of the
previous trackings.

To determine the roughness of an actual soot surface
within an exhaust pipe, one section of pipe was removed
from the engine and the inner surface of the pipe end treated
with shellac solution. To measure its roughness, however,
the skid and stylus shield had to be removed from the
Talysurf since it was too large to insert in the pipe.

Since the straight line motion of the Talysurf
carriage head now had to be relied upon to provide the
datum, the test pipe and the Talysurf had to be placed on
a specially mounted table having a natural frequency of
2 CepeSe This eliminated the possibility of any external
vibration affecting the equipment. After setting up, the

equipment was left for a period of time before taking each
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reading.

Several recordings were taken with vertical and
horizontal magnification of1O00 and 20 respectively,
and the average mean height of the surface projections
determined. The surface roughness 6 s defined as the
dimensionless ratio of the mean height of the surface
projections to the diameter of the pipe, was found to
be 0.000202 .

Using the Colebrooke-White functioﬁ? and the
suggested modification by Mooif: yields the following
close approximation for the variation in the friction

coefficient (f) with Reynolds number (Re):

i %% 485
R /1 + (20,000% + 32-)2
e Re

(4.1-7)

where € is the surface roughness.
Equation (4.1-7) is shown graphically in Fig.32 using

the determined value far €.
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4.2, Air consumption trials.

The engine was operated with a constant air-fuel
ratio of 17.5 to 1, a constant cooling Jjacket water
outlet temperature of 165°F, and with varying exhaust
pipe lengths,

The exhaust pipe length was varied by increments
of 6 inches from the minimum length of 2 feet 2 inches
to the maximum length of 10 feet 2 inches, these pipe
lengths representing the limiting values beyond which
it was not possible to run the engine without the supply
of scavenge air.

For each pipe length used, the engine was operated
over the speed range of 500 to 1600 rpm., and results
were recorded at approximately 25 rpm. intervals within
this range wherever the engine performance was sufficiently
stable for accurate readings to be taken.

At each selected test speed, the fuel pump rack
was progressively adjusted until the air mass flow and
rack setting were consistent with the apprcpriate inter-
polated speed calibration curve of Fig.24.

During the course of each test, the number of engine
revolutions made during the time taken to use a pipette of
fuel (either 22 cc or 66 cc depending upon the consumption
rate) was noted, together with the time taken. Also, readings
were taken of engine torque, micromanometer head, the

differential pressures in the air expansion chamber and



115

the exhaust collector, exhaust gas temperatures, and

the ambient pressure and temperature.
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4,5, Indicating trial.

An exhaust pipe length of 6 feet 8 inches was
chosen as a typical example for the theoretical analysis.
With this pipe length the engine exhibited a stable
performance when operating within the speed range
in which the scavenging was achieved with the primary
rarefaction wave only.

The most stable speed within this range was found
to be just in excess of 110C rpm. With the engine
running at this speed, the fuel pump rack was positioned
to give an air-fuel ratio of 17.5 to 1, as described in
Section 4.2, and the coolant jacket water flow was
adjusted to give an outlet temperature of 165°F.

When steady state condition had been achieved, the
trial was conducted in two parts, viz: (a) recording of
all the performance data, and (b) recording of the
indicator diagrams for the cylinder and at three positions
along the exhaust pipe.

(a) Performance data.

The following readings were noted and checked for
consistency at intervals of time throughout the trial:-
engine speed and torque, fuel consumption, micromanometer
head, exhaust gas temperature at six intervals along the
exhaust pipe, Jjacket coolant outlet temperature,
differential pressure of the air expansion chamber and

exhaust collector, ambient pressure and temperature.
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(b) Indicator diagrams.

Preliminary recording trials had shown that
calibration using the two-way cock introduced serious
errors. In the case of the cylinder record, the
sensitivity of the G 204 capacitance transducer to
large changes in temperature resulted in a marked
drift of the oscilloscope trace when the relatively
cold calibrating air was applied to the transducer
diaphragm. Calibration of the exhaust pipe diagrams,
however, was not subject to this phenomenon, but the
recorded traces exhibited spurious oscillations when
compared with records taken with the transducer inserted
directly into the pipe socket., These spurious
oscillations were attributed to wave action in the
connecting passage between the pipe and the transducer
diaphragm, their marked effect being due to the
steepness of the pressure pulses,

As a result of the above observations, the methods
of obtaining the cylinder and pipe records were as
follows.

The light spring diagram for the cylinder was
recorded using the G 204 transducer and the Southern
Instrument Engine Indicator. The transducer was then
replaced by the balanced disc calibration pick-up,
and using the Sunbury Engine Indicator, the crank

angles at which the cylinder pressure balanced a range

of applied pressures were noted. The exact cylinder
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pressure at the point of exhaust port opening was also
found and noted. These latter readings were then used
to calibrate the light spring diagram previously
recorded.

At each of the indicating positions in the exhaust
pipe, two recordings were made using the G 204 transducers.
The first was obtained using the two-way cock and
calibration lines were superimposed on the recording,

The second recording was made with the transducer inserted
directly into the pipe socket and the first recording was
used for its calibration.

The procedure for taking the indicator diagram film
records was as follows:-
ki The drum camera was motored at a speed Jjust less

than that of the engine. This was done to obtain

a diagram which contained a little more than one

cycle.

2 The pressure and crank angle marker traces were
adjusted for amplitude and brilliance.
2o The time sweep was switched off and the tube

beams suppressed.

4, The camera trip button was then operated which
switched on the tube beams for one revolution

of the camera, thus exposing the film.

e The marker trace was switched off and the two-way

cock was turned to expose the transducer to the
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calibrating air. The air potentiometer was used
to apply known values of both positive and
negative gauge pressures, and operation 4 above
was performed for each calibration line. An
atmospheric line was recorded by opening the

blow-off valve of the air potentiometer unit.
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5« Results

5.1. Air consumption trials.
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5.2. Indicated trial and theoretical results.

Performance data and deduced results for the

indicated trials are as follows:

Exhaust pipe length 6ft. 8ins.
Ambient pressure 14.%22 psia.
Ambient temperature 19.67°C

Engine speed 1110.5 rpm.

Time for one degree of crank movement l5.00vf§’>x10-5 secs.
Engine torque 19.4 1lb.ft.
Brake horse power 4.1

Fuel consumption 0.05068 1b./min.
Air consumption 0.93804 1b./min.
Air-fuel ratio 18.5 to 1
Volumetric efficiency ' 5% .4%

Cylinder pressure at exhaust port opening 26,0 psig.
Exhaust gas temperatures

Distance from ports g 2ge Zpn BEM 65U g

Temperature °K e77 588 541 501 474 397

Mean exhaust gas temperature 547°K
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1.%211
1.3211
1.3211
1.3211
1.3211
1.3211
Ts3210
1.3211
1.3309
1.3309
1.3309
1.3%09
1o 5297
8 5500
1.3%97
1.323%97
1L, 258
155
1559
1.%487
1.3487
1.3487
1.%487
1.3487

1.5046
1.3(46
1.%2211
L. 5217
1.3211
1.3211
1.3211
il SN
1.3211
1.%2211
1.3211

1.3211



STATE
f =1

HFFRPPFPOOIOOWE W

FrEFEEFEEREERE
= O

[ ] [ ] [ ] [ ] [ ] ® o ] [ [ ]
-

O 0OJ0\n\WnF

WwWMNOHO

v\ \n\on\on\nn\nn\un o\ \n\uon oo
° e [ ] °

[

W

(o YaYOXoNoNo XA NerNe)

P FEWOWoO~J00\n

nNDHO

3NN
NN o)

16.487
16.614

16,564
16.560
16.560
16.558
16.556
16.552
16.548
16.589

16.709
16.855

16.798
16.798
16.797
16.795
16.790
16.786

16.650

164615
16.655
16.654
16.645
l16.640
16.63%3

16.880
17.16%

17.100
16..99%
16.990
16.986
16. 981
17.025

17.195
17.354
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1941.7
1944 .0
1756.1
1756.0
1756.0
1756.0
1755.9
1755.8
1755.8
1755.7
1756.2

1944 .9
1947.3
TS5 ad
1759.0
1759.0
1758.9
1758.8
1758.8
1758.7
1759.2
1756 .6
1668.3
1668.2
1668.7
1580.5
1580.4
1580.3
1580.2

1947 .6
1949.9
176145
1761.4
1761.4
1761.3
176l.1
1761.0
1761.5

1951.4
195%.8
1765.1

917.8
919.9
750.6
750.5
720.5
750.5
750.4
750.4
750.3
1oC0m2
750.7

92008
92%,0
75%.1
75%.1
75%.1
75%.0
752.9
752.8
752.8
75%.2
751.2
664 .1
66L4 .0
664 o4
592.1
592.0
592.0
591.9

92%.3
925.5
75542
755.1
755.1
755.0
754.9
754 .8
755.2

926.9
929.2
758.5

1.2046
1.3046
1.%211
1.%211
1.%211
1.3211
1.%211
1.%211
1.%211
b= i
1.%211

1.2046
1.3046
1.3211
1.%211
1.5211
1.3211
1.%211
1. 521l
1.3211
1.%3211
L.g2ll
1.3209
1.. 3509
1.3%%09
1.3309
1.3309
1.3309

l.5m6
1.5046
1.3211
1.%211
1:5211
1.3211
1.3211
1.3211
1.3211

1.5046
1.2(046
1.%211
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STATE

I - 1T P U a 7 Y
-8 17.286 248.9 1765.0 758 .2 1.3211
-9 17.280 248.5 1764 .9 758.1 1.3211
-10 17.276 ou8 .3 1764 .7 758.0 1.3211
=13 17.272 247.9 1764 .6 757.9 1.3211
=D 17.315 243 .4 1765.1 758.3 1.3211
-13 17.209 226.7 1763.7 25wl 1.3211
-1y 17.151 224 .3 1674 .6 669.1 1.3309
-15 17.190 220.1 1675.0 669 .4 1.3309
-16 17.199 213%.9 1587.0 597.0 1.3397
=17 17.187 213 .4 1586 .8 596.9 1.3397
-18 17.181 213.2 1586.7 568.0 1.3397
-19 17,172 212.6 1586 .6 596.7 1.3397
-20 17.163 211.8 1586.4 59 .6 1.3%97
=21 17.215 207.6 1587.1 597.1 1.3397

7-22 17.219 201.7 1492.8 525.5 1.3487

8-7 17 .45% 290.9 %8g$-g 822.2 i.ggzg
-8 ° 04 o
iy 17.625  269.3 1768.3 961.0 1.3211
=10 17.54% 269.0 1768.0 760.8 1.3211
=2 17.53%6 268.4 1767.8 760.6 1.3211
-12 17.581 263,.8 1768.3 761.0 1.%211

9-8 17.796 319.4 igg?.g ggg.g %.ggig
_8' 17.985  295.9 17724 %L .6 1.3211
-10 17.89%4 295.3% 1772.2 64 4 1.3211
-11 17.887 294 .9 1772.0 6L .2 1.3211
-12 17.9%0 290.2 1772.4 764 .6 1.%211
-13 17.797 271.6 1770.6 763 .1 1.3211
-1y 17.746 267.2 1681.5 674 .6 1.33%09
-15 17.785 262.8 1681.8 674 .9 1.3309
-16 17.805 255.0 1598.7 602.2 1.33%97
-17 L2 #7792 254 .4 1593.7 602.1 1.3%97
-18 17.784 254.1 159%.5 601.9 1.3397
-19 17.775 2535 1595 .4 601.8 1=8597
-20 17 .764 25e%5 1593.2 601.7 1.3%%97
-21 17.817 2479 1593.7 602.1 1.3397
=22 18. 000 24.0.5 1499.4 5%0.1 1.%487
-23 17.824 239.7 1499.2 529.9 1.3487
-2y 17.812 239.0 1499.1 529.8 1.%487
-25 17.801 2%8.2 1498.9 529.7 1.3487

9-26 17.789 237.6 1498.8 529.6 1.%487



STATE
I -TI

10-9
-10
-10!
=11
-12
=13
=14
-15
-16
-16"
=17
-18
-19
=20
=21
=22
=23
=24
~25
=26

10-27

11-10
-11
-11"
-12
-13
=14
-15
-16
=17
-18
-19
=20
=21
=22
=22
=23
=24
=25
=26
=2

11-28

18.203%

18.404

18.204
18.346

18 <587
18.%46
18.3%8%

18.452

18.389
18.%80
18.%68
18.%56
18.411
18.442
18.428
18.414
18.402
18.389
18.377

18.711

18.943

18.879
18.919
18.885
18.922
19.038
18.937
18.927
18.914
18.898
18.952

19.050

18.978
18.958
18.944
18.921
18.916
18.901

551.5
526 .3

32547
320.9
315.4
509.1
204.5

294 .4

293.6
29%,2
292.5
291.5
286.9
2777
276 .8
276.0
27543
274 «5
273.7

392.9
364 .1

359.%
35%.6
245.6
341.0
5%0.7
228.7
228.2
227,2
226.1
221.5

%10.6

3209.6
308.7
307.7
5060.8
5006.

505.2
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9%29.3
O4l.y
768 .6
768 .4
768.7
769.0
680.1
680.4
681 .4
607.3
607.1
607.0
606.9
606.7
607.2
534..7
534 .6
534 .5
534 .4
554 .4
554 .2

5.4
W73
77%.7
774..0
774 .2
684 .9
685.1
686.1
611.6
6llw
611.3
611.2
611.6
612.8
538.8
558.7
53845
538.4
538 .2
538.1
538.0

1.3046
1.5046
1.3211
1.%211
1..5211
1.5211
1.3309
13509
1.%309
1.%3%97
L30597
1.%2%97
1.3397
1.53297
1.%2%97
1.3487
1.%487
1.%487
1.3%487
1.3487
1.5487

1.546
1.546
1.3211
1.%211
Fa%211
1.3%09
1.3309
1.3309
1.2397
1.3%97
1.32%97
1.%397
1.3397
1.3%97
1.%487
1.%487
1.5487
1.%487
1.%487
1.3487
1.%487



STATE
I-1I

12-11
-12
-12!
-13

=-14'!
=15
-16
=17
~17°
-18
-19
=20
=21
=22

=24
=P5
=26
=27
-28
-29
=30
-21

13-12
-13%
-13!
=14
-15
-15"
-16
-17
-18
-18"
-19
-20
=21
=22
=20
23!
=24
-25
-26
=27

19.289
19.621
19.5%4
19.570

19.538
19.656

19.616

19.544
19.528
19.507
19.565
19.706
19.597
19.574
19. 557
19.538
165, 522
19.505
19.485
19.459
19.448

19.793
20.237
20.200
20.179

20.218
20.2%6

20.178

20.055
20. %9
20.122
20.251

20.231

20.13%7
20.118
20.065

440.5
402.1

396.6
386.1

281.3
370.8

368.8

%266.0
365.0
363.9
359.1
3248.6
345.4
3yl 4
343.1
341.9
2414
240.2
339.3
338.1
337.2

482.7
43%.8
42%.%
416.4

405.7
401.5

299.2

398.3
396.9
392.2
382 .4

376.7

37545
37%.8
57205
371.5

134

1619.8
1589 +%
1525.0
1522.7
1522.5
1522.2

952.1
945
780.3
780.3%
781.0
690.4
690.5
691.6
691.6
616.6
616.5
616.3
616.0
616.5
617.5
o43.1
542.9
542.8
S542.6
542.5
ou2.3
542.2
542.0
541.9

957.9
960.4
785 .6
786.2
786.5
695 .4
696.2
696.2
696.4
621.0
620.7
620.5
620.9
6e21l.8
622.1
547.1
546.9
546.7
S46.5
546.%

1.346
1.3046
1.%3211
1.3211
1.3211
1.3309
1.3309
1.3309
1.3%3%09
IN%597
1.3397
1.3397
1.3%97
1 35597
1 %5557
1.3487
1.3%487
1.%487
1.3487
1.3487
1.3487
1.3487
1.%487
1.%487

1.32046
1.3C46
%, $21Y
1.%2211
et
1.2309
1.3209
1.33209
1.33209
1.2397
1.3297
1.3397
1.3%297
1.3397
1533597
1.3487
1.3487
1.3487
1.2487
1.2487



STATE
I = I

=28
-29
-30

_32
-33
-34
-35

14-13

20.49
20.026
20.002
19.985
18.071
16.%27
14.727
14 .322

20.021
20.604
20.510
20.552

20.486
20.492

20.411

20.317
20.370
20.498
20,548

20.460

20.372
20.3%46
20.3%24
20.307
20.281
20.258
20.2%6
18.293
16.529
14.912
14.505
14 .322

19.663%
20.290

20.275
20.259
20.181

57002
269.1
267.9
567.1
479.8
592 ° 2
704.5
754 .

499.1
4%8.8

4%2.1
420.1

415.9
41%.6

411.6

410.3
405.5
395.8
390.1

588.2

286 .4
385.1
284..%
383%.0
382.0
3280.9
380.1
493 .4
605.7
718.0
748 02
761.8

471.4
411.%

405.7
393.7
390.4

1521.9
1521.6
1521.3
1521.1
1501.5
1481.9
1462.3
1457.0

1986.4
1989.6
1799.7
1800.0
1801.3%
1710.8
1710.8
191108
e N0
1620.6
1620.3%
1620.8
1622.0
1622 .4
1622.2
1525.4
1525.2
1525.0
152u:.'7
1528..5
1524 .2
1524 .0
1523,.7
1503.9
1484 .3
1464 .7
1459 45
1457 .1

1982.°2
1989.7
1984 .8
1795.9
1796.9
1796.9
1706.8

546 .1
545.9
545 .7
545.6
524.5
517.8
504.2
500.5

960.5
963 .6
788.6
788.8
789.7
698.4
698 .4
698.3%
698.3%
6l7.2
622.5
622.8
62%.8
624 .0
62%.9
548 .6
ou8.5
ou8.3
54801
548.0
547.8
547 .6
o47 .4
22345
N5
505.9
502.2
500.6

956.4
963 .6
959.9
785.6
786 .5
785.9
695.1

e e ) ey
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
W
£
(04)
26



-26"
=28

20.110
20.103%

20.000

19.989
20.114

20.16%
20.148

20. 9

19.958
19.9%0
19.912
19.886
19.862
19.839
17 .927
16.205
14 .633
14 .223
14 .0%8
14.322

18.572
192519

19.242
19.13%2
19.037

18.972
18.941

18.903

18.972
19.025
19.020
18.990

18.873%

18.806
18.790
18.765
18.75%
18.729

388.2
386.4

385.6

581.1
17/ )
%65.8
565.7

362.9

361.4
360.5
359.1
358.0
356.8
556.3
468.4
579.9
691.1
721.9

754.1
710.0

285.7
S2a...1
315.0
312.1

312.9

511.4
511.0

3208.9

299.3
29%..0
292.1

291.7
293.6

292.8
291.7
290.9
289.8
289.6

136

1706.8
17%05
1706.2
1616 .4
1616.9
1618.1
1618.4
1618.1
1617.7
1521.4
1521.0
1520.7
1520.5
1520.0
1519.9
1519.6
1499.8
1480.4
1460.8
1455.6
1455, 1
1457 .0

1969.0
1977.1
1971.1
1784..2
178%.8
178%.9
1694 .5
1694 .1
1693.5
1694.0
1604.9
1606.0
1606.4
1606.1
1605.6
1604 .8
1509.5
1509.2
1509.0
15%05
1508.4
1508.1

695.1
694 .8
694 .6
619.4
619.8
620.7
621.0
620.8
620.5
Su5.7
ou5.5
ous.%
ou5.1
S44 .8
Suy .7
Sily o
530.4
516.7
503.1
499.5
497.8
500.5

943 .8
951.5
ou6.7
7754
775.1
774 .6
685.1
o84 .7
660.9
e84 .7
610.7
611.5
611 08
6ll.6
611.2
610.6
537.2
527.0
536 .9
536.6
536 .4
536.2

1.3487

1.2046
1.3046
1.2046
1.3211
1.5211
1.%211
1.%3%09
1+ 5509
1.23209
1.3209
1.2397
1.2397

1.23297
1.3397

1,559
1.859%
1.3487
1.%487
1.5487
1.3487
1.%487
1.3487



STATE
I -1

1l6-3%2
22
=54
=25
-26
—o%
-28

E7—15
-16
-17
-17°¢
-18
-19
-19"
=20
=21
=22
=22'
-23
=24
-25
=26
=7
27"
=28
-29
-30

-22
=53
=34
-35
-36
=37
-28
-39

18-15
-16
<17
-18
-18"
-19

16.924
15.%50%
12.82%
13.435
13.259
13.546
14.%22

17.1%6
17.853

17.675
17.573
17 .422

17.412
17.397

17.266

17.476
17.477
17.457
17.403

17.295

17.258
17 244
17.242
17.225
15.557
14 .060
12.705
12.342
12.181
12.449
1%.169
14.3%22

16.3%68
17.061
16.963

16.822
16.7153

401.1
511 .6
621.6
652.1
obY .6
639.9
5773

2292
19.5

200.0
201.0
204.0

204.0
201.9

196.4

191.4
189.9
189.9
192 .4

196.4

195.6
195.4
194 .5
194.6
306.0
415.9
524 %
554 .0
566.6
542.3
480.4
388.0

191.8
127 .4
1%3.5

138.9
142.3

37

1488.4
1469.2
1450.0
lany .8
1lun 2.4
1446.5
1457.0

1950.6
1959.0
1950.3%
1765.8
1765.%
1764 .7
1676.5
1675.9
1676.1
1676.6
1588.6
1589.0
1588.8
1588.3%
1587 .4
1586.4
1492.5
1492 .4
1492.1
1491.9
1491.6
1472.1
1452.9
1434 .0
1428.7
1426.3
1430.4
1440.9
1456.7

1940.0
1948.5
1947.1
193%8.5
175545
1754.3

522 .4
508.9
495.7
492.1
490.5
49%.3
500.52

926.2
9%24.1
926.8
759.5
759.0
758.0
670.6
670.2
670.3
670.7
598.3%
598.6
598.5
598.1
597 .7
596.9
525.2
525.1
524 .9
524 .8
524 .6
510.9
497.7
484 .9
481.%
479.7
482 .4
489.5
500.3%

91602
924 5
922.9
915.6
750.6
749.7

1.5487
1.25487
1.3487
1.3487
1.3487
1.2487
1.3487

1.3046
1.3046
1.3046
1.3211
1.%211
1.3211
1.3%09
1.3309
1.3309
1.3%09
1.3%97
L45597
1.2397
1.3%397
1.33%97
1.3397
1.3487
1.3487
1.3487
1.%487
1.3487
1.%487
1.3%u87
1.%487
1.3487
1.%487
1.%487
1.3%487
1.%487

1l.5046
1.5046
1.3046
1.20u46
1.%211
1.%2211



STATE
I -1

18-20
-20'
=21
=22
=23
=2%!
=24
-25
-26
=27
-28
-28'
-29
=30

..52
-33
-3y
-35
_36
=37
-38
-39
~40

19-16

-18
-19
-19'
-20
=21
=21
=22
=23
=24
=24 "'
=25
=26
=27
=28
-29
=29
-30

16.63%3

16.625
l6.682

16.674

1l6.648
16.631

16.579
16.509

16.445

16.406
16.405
16.390
14.797
13.374
12.081
11.735
114581
11.8%8
12.527
13.631
14 .322

15419
15.970
15.891

15.7%6
15.660
15.644
15.678
15.701
15.654

15.621
15.576
15.514
15.476

15.412

15.406
15.%86

144 .6

142.5
1%7.2

1%4.1

1%2.6
1%22.6
13551
1%38.9

140.6

140.4
139.4
139.6
250.6
359.5
467 .6
497 a2
509.8
485.8
424 .1
331.8
275 i

100.9
45.8
51.6

©0.9
63 .4
64 o4

60.0
57.1

58.8

58.8
61.5

65.7
67 .6
71.1

70.3
70.7

1753%.9
1666 .2
1666.3
1666 .9
1667.0
1579.2
1579 .1
1578.7
1578.0
1577 .1
1576 .6
1482.7
1482.5
1482.4
1482.1
1462.6
1443 .6
1424 .8
141945
1417%1
1421.2
14%1.7
1447.5

1925.9
193%2.7
1931.1
1921 .4
1740.6
1739.5
1740.5
165%.5
1653%.7
1653%.6
1634 .5
1566 .3
1565:8
1565.0
1564 .0
156%.2
1562.4
1470.2
1470.1

1469.9

1.3211
1.3%09
1.3309
1.3309
1.%309
1.3%%97
w5599
1.3%97
1.3397
1.3%397
1.%487
1.%487
1.%487
1.%487
1.3487
1.3487
1.3%487
1.3487
1.3%487
1.3487
1.%487
1.3%487
1.3487

1.2046
1.2046
1.5Qu6
1.2046
1.%5211
1.%211
1.%211
1.3209
1.3309
1.3309
1.2309
1.3397
1.2397
1.2397
1.3397
1.3297
1.2397
1.3487
1.3487
1.5487



STATE
I -1

19-32
=53
=54
-55
-56
=37
_58
-39
-4.0
-41

20-17
-18
-19
=20
-20!
=21
=22
=22
-23
-2
=25
-25!
=26
-27
=28
-29
-20
-30"
-21
-22
=33
=54
=35
=36
=57
-28

-40
-41
-42

21-18

-19
=20

13.890
12.552
11.333
11.009
10.867
11.110
11.7€1
12.805
13.454
14 .%22

14 .466
14.910
14.790

14 .670
14 .656
14 .667

14 .673
14 .683

14.594

14..5%5
1y .484
14.458
14.401

14 .564

14 .352
12.944
11.692
10. 546
10.250
1.0.126¢
10. %346
10.955
11.9%6
12.5%6
13%.887
14 .322

14 .353
14.133%
14.117

181.7
289.8
296.9
426 .4
4%9.2
41501
554.0
262.5
209.0
140.8

6.5
-29.5
-50.0

-2106
-21 04
"'2209

-25.8
-24.5

-2100

-17 04
-13 06
-1200
- 8 ] O

=5g 2

-5. 0
105.6
21%.0
320.1
549.0
36le4
3379
277 4
186.6
133.5

6501
-10.7

-95.5
=-75.3
-76.6

1450.4
1431.6
1421.8
1407.5
1405.1
1409.3
1419.7
1435.4
lapy .6
1456.4

1911.9
1918.1
1915.2
1904 .35
1725.6
1725.3%
1724 .8
16%29.5
1629.4
1634.1
1637 .7
1552.5
15515
15502
1549.4
1548 .6
1548.0
1456.7
1456.5
143%7.1
1418,%
1399.5
1294.5
13292,0
1396.0
1406.3
1421.9
1430.9
1442 .6
1455.6

1909 .4
1904 .6
1895.2

49600
48%.2
470.6
467.1
465.5
46802
475.2
485.8
492.0
500.1

889.8
895.6
892.8
883%.6
72543
725.0
724 .8
oul.y
o4l.3
640.7
659.9
571.2
570.4
569.9
569.5
568.8
568.3%
500.3%
500.2
486.9
47445
461.8
458 .4
456.9
459.5
466.3
47647
482.8
490.7
499.6

887.4
883%.4
875.1

1.%487
1.3487
1.%487
1.3%487
1.%487
1.%487
1.%487
1.3487
1.%487
1.3%487

lo}&6
1.5046
1.3046
IQBM6
1.3211
1.%211
1.3211
1.33%09
1.32%09
1.3%309
1.33%09
1.3%297
1.3397
1.3397
1.3%397
1.%3%97
1.3%97
1.3487
1.3487
1.3487
1.%487
1.3487
1 P87
1.%487
1.%487
1.%487
1.3%487
1.3487
1.3u87
1.3487

1.5046
1.20406
lo 3&6



STATE

22-19

_27!
=28

-32"!

14.072
14.084
14 .082

14 .09%
14,010

132.91

12.8%
1%.871
15.816
15.781

) %

12.401
11.199
10.098

9.815

9.833

9.908
10.494
11.43%5
12.018
12.807
13.741

14.540
14..358
14.271

14 .302
14.297
14517
14.229
14.156
14.117

14.100
14.03%2
14.002
1%.9%9

12.652

_73 02
=745
-7506

-7706
-7009

-64.9

—6101
-5906
=224
-52.9

—5004

60.2
167.1
274.1
30208
215.2
291.9
231,.7
141.2

88.4

20.4
-5500

-48.9
-5108
-48.1

-5505
-5406
-5406

-51.0
-45.1

-42.2

-40.7
-5605
-5400
-31.5

8209

140

1894 .4
1716.8
1716.7
1716.5
1630.9
16320.4
1629.2

1628.05

1543%.%
1542.0
1551.2
1540.4
15%29.8
1539.2
1448.5
1429.1
1410.3
1391.7
1386 .4
13284 .1
1%88.1
1398.4
1414 .0
1423,1
1434 .8
1447 .9

1906.9
1897.5
1897
18%6.3%
1719.3
1718.5
1718.4
16%5.1
16%1.9
16%50.8
16%0.0
1544 .9
1544 .2
154%.3
1542.1
1522.6

1433.0

.5%6
5046
.3211
«3309
.3309
1o
.3309
«3397
«3%97
«3%297
«3397
« 3487
« 3487
« 3487
« 3487
« 3487
. 3487
. 3487
« 3487
« 3487
« 3487
« 3487
« 3487

e el i il ad el el N = N S SN S SN N S WY ST

05a+6
05&+6
- 5046
SQU6
5211
3309
3209
3309
.3309
3297
3297
3397

1.3487
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STATE
I -I

22-3%%
-4
=35
-6
=37
-28
-39
-40

-42

23-20
-21
=22
23
=231
-2
-25
—25"
-26
-27
-28
L
=29
_30
=31
-52
=55
-33!
=54
-35
-36
=57
_38
-39
-40
-41
-42

24-22
=23
=24
24"
=25

1l.446
10.%28
10.0%8
% SL1
10.3%14
10.727
11.685
12.277
15.078
14 .027

14 .%5%%
14,332
14 .300

14,294
14.317
14 .282

14.157
14.116

14 .095

14..040
14 .004
12.971
12.638

11.480

10.386
10.096

9.972
10.372
10.784
11 . 7l
12.%57
13.13%9
14 .089

14.335
14.323

14 . 347
14.223

189.5
296.1
324.7
337 .2
313.8
253.9
163.5
110.8
4%.0
=

-52.8
-51.2
-50.2

-5%.1
-53.1
-49.7

-43.9
-41.1

-39.7

3545
-25.0

-30.8

8345
191.4

500.5
228.7
541.0
317.9
228.3
168.3%
115.8

47.8
-27 07

-44.5
-46.6

—48.7
-48.9

141

1414 .2
1%295.5
125905
1388.0
1392.0
1402.%
1417.8
1426.9
1438.5
1450.5

1897.5
1897 .7
1894.8
1894.7
1718.5
1712
171647
1631.6
1630.4
1629.2
1620.0
1543.9
1543%.0
1542.3
154142
1522.2
150%.7
1415.2
1396.5
1291.4
1389.1
159251, 9
1403%.2
1418.7
1427 .8
1439.4
1452 .4

1894.0
1893% .4
17181
172 919

471.5
45941
455.7
454 .2
456,.8
463%,6
47%.9
480.0
487.9
496.7

877.2
877 .4
874.8
87447
719.4
718.3%
721749
635.2
63443
63%.7
633,2
565.4
564 .7
564 .2
563.7
549.5
536.5%
472.2
459.8
456.5
454 .9
457.5
464 .3
474 .6
480.7
488.5
497.3

874 .
875.
873%.
719.
717 .

I\JO\N\]G\

1.5487
1.2487
1.5487
1.5487
1.5487
1.2487
1.35487
1.3487
1.2487
1.2487

1.346
1.3046
1.3046
1.5046
1.%211
1.%211
1.%211
1.3%09
1.%309
1.33%09
1.3309
1.3397
LE5597
1.3%97
1.3%397
1.3%97
1.45%:59%
1.3487
1.%487
1.%487
1.3487
1.%487
1.3487
1.3487
1.%487
1.3487
1.3487

1.3046
1.5046
1.5046
1.%2211
1.3211



STATE
I e I

24-26

-29'

14.151

14.112
14 .088

14.0%5

14 .003%
13.970
12.6%8
11.458
10.%75
10.094
9.972

10.219

10.847
11.808
12.40%
13.209
14.163%

14 .335
14 315

14 .264
14.191
14,154

14.1%32
14 .074

14 . 045

12.680
11.500
10.418
10.1%6
10.01%
10.225
10.804
11.754

12.%26

13.145
14 .09%

-43 o4

-40.5
-39.2

-54.8

-22+5
-50.2

8%.9
19%.1
204.1
52%.5
346.3

52246

26%.2
17%.6
121.5

2547
-21.6

-44.7
-45.

-43%.6
-38.0

_3507

~34 o4
-5002

-28.5

-26.0
88.1
197.9
307 .4
336.6
549.2
22545
26%.6
170.4

155

48.5
-26.7

142

1714 .%
1629.9
1629.2
1628.5
1627 .4
1542.8
1542.1
1541 .4
1521.8
1502 .9
1484 .0
1478 .7
1476 .4
1480.3
1%394.1
1004.3
1419.7
1428.8
144 0.3
1455%.1

1893%.6
1892.0
1891.2
1716.7
1714 .3
1713.3
1629.4
1628.7
1627.6
1626.9
1542 .4
1541.8
1522.3%
150%.4
1484 .6
1479.3
1477.0
1480.9
1491.2
1506.7
1515.9
1427.9
143%39.2
1452.1

1.3211
1.3309
1.3%09
1.3%3%09
1.3%09
1.3%97
1.5597
1.%23%97
1.%397
1.%%97
1.33%97
1.3397
1.3297
1.3397
1.%487
1.%487
1.%487
1.%487
1.5487
1.%487

1.3046
1 05@6
1.5046
1.%211
1.%211
1.3211
1.3%09
1.3%09
1.%%09
1.3309
1.3%397
1.%%297
1.%%97
15597
1.3397
1wd590
1.3397
1.33%97
1.3%97
1.3%97
1.3%97
1.%487
1.%487
1.%487



STATE
I-1I

26=-24
=25
=26
-26"
=27
=28
-28"
=29
=20

-31"
=32
=515

=03
-26
=D
-28
=59
-40

-4]1'"
42

27-25
-26
=27
27t
=28
=29
-29!
=50
=21

~32"!
=59
-34
=35
-3%6
o0
-38
~59
=40
-41
=42
42"

18555
14.259

14.157
14.128
14.104

14,048
14.020
1%.987

12.658
11.484
10.408
10.129
10.006
10.217
10.792
11.698
12.292

1%.080
14.033

14.553
14.241

14.216
14.191
14.140
14.112

- 14.077

12.785

11.617
10.535
10.252
10.129
10.3%9
10.917
11.849
12.427
13.208

14 .14y

-43.6
-43.6

=394
=37.1
-5507

-321.5
-29.6

‘2703

86.5
196.0
505.1
554 .1
546.7
323.2
261.7
168.9
114.6

44 .3
-5008

=254
=273

=275
-2600
-22¢%

-20.4
-1801

99.5

208.6
317.1
345.9
358.4
5250
27347
181.5
127.0

56.9

=22.2

143

1891.7
1890.5
1888.0
1714 .4
1712 .4
17115
1627.9
1626.8
1626.1
1625.%
1541.4
1521.9
150%.0
1484 .2
1479.1
1476.8
1480.6
1490.9
1506 .5
1515.6
1527.1
14%8.1
1451.2

1892.2
1888.6
1887.6
1700 %
1712.2
87 & I
1627.8
1627.1
1626.3%
1606 .4
1523%.9
1505.1
1486 .4
1481.2
1478.9
1482.8
1493.0
1508.5
1517 .6
1529.1
1542.2

1452.5

871.9
870.8
868.5
716.0
714 .3
71%.6
632.3
631.5
6%0.9
63%0.3
563%.4
549.2
525.7
522.4
5188
L7 J2
519.9
527.

538,2
544 .8
553%.1
487.8
496.5

8725
869.2
868.2
716.2
714.2
715 o2
632.2
631.7
631.1
615.8
550.7
5372
523%.9
520.3
518.7
521.4
528.6
539.7
55445
567.0

497 .4



STATE
I-1

28-26
-27
-28
-28'"
-29
~30
30!
-21
~32
=55
=g
=34
~35
-26
=90
-28
=59
-40

-42

29-27
-28
-29
291
~30
=i
3]
=32
=35
=24
=34
=59
-26
=37
-38
-39
-40

-42

50-28
-29

14 .32%
14 .283%

14 .261
14 .208
14,182

14 .149
12.83%8

11.704

10.619
10.556
10.440
11.020
11.956
12.5%8
1%.3%2%
14.265

14 .323
14.29%

14.244
14.218
14.188

12.876
11.718

10.687

10.43%6
10.311
10.522
11.103
12.041
12.627
13.413%
14%3%58

14.323
14.201

-18.5
=17 .4

-18.1
-1405
-15.4

-11.1
106.4

218.9

226.8
55545
567 .5
2un .2
283.3
191.2
137.0
67.2
-11.8

-1203
-1108

-907
-8.6

-6.9

110.4
22245

333.9

362.2
374 .6
351.3
290.7
199.0
144.8

75.3

-3.8

144

1889.6
1887.4
1886.9
1714 .6
1711.5
1710.6
1627.7
1626.9
1607.0
1588.0
1506.7
1488.1
1482.9
1480.5
1484.3
1494 .4

1518.9
1520.4
1545 .4

1887.3%
1886.1
1885.4
1713.8
1710.6
1707 .4
1627.2
1607 .4
1588.3
1569.5
1489.2
1484 .1
1481.8
1485,6
1495.7
1511.1
1520.2
1531.7
1544 .6

1886.0
1884 +4

870.0
868.0
867.5
716.2
71%.6
712.8
632,.2
631.6
616.3
601.7
538.3
525.1
521.5
519.8
522.5
529.6
54.0.6
547.1
555.4
564 .9

867.9
866,8
866.1
715.5
712.8
710.1
631.8
6165
602.2
588.0
525.9
522.%
520.7
52%.4
5320.5
Sul.5
548.0
556.5
565.7

866.7
865.2

N el e el ol ) o ey ey ey
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STATE
I -1

50-50
-30"
=54,

-2
=53
34

-36
=20
-28
-28!
-39
-40
-41
-42

51429
-20
-21
227 *
22D
=33
=33
=4
=93
-36
=37
-28
-39
-40

=-4]1"'
=42

52-%0
_51
_52
_32'
=55
L
=3 !
-35
-36

14.2%8
14.208
12.9%2

1l ;788
10.72%
10.452
10.%50
10.539

11.1%3%

12.099
12.687

1%.473
14.419

14.322
14 .276

14.252
12.960
11851

10.807

10.597
10.410
10.620
11.188
12.110
12.686

1%2.462
14.416

14.%20
14.270

13.049
11.933
10.922

10.666
10.544

=53
-3 04
117.7

229 .4
34.0.4
569.1
3281.8
358.2

295.5

204.2
150.1
80.4
105

1495

1883.9
1713.1
1710.3
1687.8
1608.4
15894
1570.7
1565.5
1563 .2
1567 .0
167752
1511.9
1521.0
1522.4
1545.4

1884 .7
1883%.2
188%.0
1712.7
1692.1
1672.7
1590.6
1571 49
1566.8
1564 .4
1568.3
1578 .4
15932.9
1605.1
1614 .6
1552 il
1545.2

1883%.2
1882.2
1862.1
1695.2
1674.0
1655.0
1574 .4
1569.1
1566.7

864 .
714 .
7120
694.0
617.3
602 .8
588.7
584.9
583.1
586.0
59%.6
531.1
S42.1
548.6
556.8
566.3

\N\OJ

865.5
864 .1
863.9
714.6
697 « 5
682.1
603 .7
589.6
585.8
584 .0
586.9
59 .0
606.3
613%.3
622.1
556.7
566 .2

861 .1
863%,2
844 .9
698.5
682.6
667 .3
591.5
5875
585.,8

1.3046
1.%211
152l
5281
1.3309
1.3309
1.33209
1.3309
1.2309
1.3%309
1.33209
1.3297
1.2397
1.2297
1.3%97
1.3397

1.346
1.3046
105m6
1.3211
1.3211
1.3211
1.3309
1.3309
1.3309
1.3309
1.3309
1.3309
1.3309
1.3309
1.3309
1.3%397
1.3397

1.5Q46
1.5Q46
1.5046
1.%2211
1.%2211
1.%5211
1.23209
1.3309
1.3309



35-33
-34
-35
_36
-37
-38
-39
-40

10.755
11.%25
12.254
12.8%6
13.609

14.546

140322
1%.054

12.006

10.998
10.728
10.607
10.813%
11.3%69
12.280

12,866

13.652
14.596

13.856
12.595

11.650

1l.414
11.281
11.491
12.073
13,031
13.631
14 .456

15.412

12.79%
11.788
11.499
Sl SH0ED
11.578
12,135
1%.0%5
14,036

379.2
3175
222.7
166.8

4.9
12 o4

11.5
14l.4

261.7

374.2
40%,1
415.9
%291.2
327 o4
229.0

171.2

99.8
17 .4

201.5
3%6.2

450.0

478.%
490.0
465.5
402.1
304.5
246.0
168.9

8247

358.0
472.6
499.5
512 a5
486,7
419.5
314 .4
251.6

146

1570.6
1580.7
1596.2
1605.4
l6l6.4
1629.2
1546.7

1882.5
1861.7
1841.6
1675.3
1656.5
1651.%
1649.0
1652.8
1662.8
1678.3
1687.5
1606.0
1617.3
16%0.5

1901 .4
1878.8
1859.4
1668,.7
1663%.5
1661.1
le64 .8
1674 .7
1690.2
1699.5
17160
1724.0
164’100

1883.8
1864 .6
1858.7
1855.8
1859.4
1869.0
1884,.2

1895 .4

588.6
596.2
607.9
615.0
62%.5
632 .4
567.3

863 .4
844 o4
826.3%
683,.8
66845
664 « 5
662 o 44
665.5
673.6
686.2
693%.8
615.5
624 « 2
634 4

880.0
859.1
841.2
677.9
674.1
672.1
©675.1
683,1
696.0
703 .4
713,0
723,1
642 4

86%.7
845.9
841,0
83844
841.5
850.3
864.0
872.6

3309
3309
3309
«3309
«3309
«3309

el e

1.5046
1.3046
1.2046
1.3211
1.%211
1.%211
1.%211
1.%2211
1.5211
1.3211
1.%211
1.3309
1.33209
1.3309

l.5Qu46
l.2Q46
1.246
1.%211
1.%211
1.%211
1.%211
l.5211
1.3211
1.%2211
I, 5211
1. 22311
1.3309

1.3Q46
1.5046
1.5046
1.5Q46
1.3046
1.346
l.2046
1.3046



14.3%82
15.336

11.788
11.541
11l.421
11.622
12.174
1%.080
1%.65%
14.43%0

15.%40

11.405
11.284
11.481
12.025
12.925
1%.500
14 .266
15.168

11.300
11.473%
12.014
12.907
13.474
14.242
15.14%

11.492
12.880
12.909
14.802

11.9%2
12.867

1%5.70%

168.5
82.9

47244
498.8
511.6
486.1
420.2
315,8
253.1
170.6

75.8

478.9
492.3
466.9
401.1
298.0
2%35.5
15%.2
59 el

487.1
465.%
401.1
296.7
254 .6
152.8

57.9

396.9
2%2.5
119.6

25.6

147

1904 .4
1710.3
1722.9

1865.9
1860.7
1858.%
1862.0
1871.7
1887.0
1896.2
1907.1
1919.4
1721.0

1859.1
1856.6
1860.3%
1870.2
1886.0
1895.2
1906.5
1920.0

1858.1
1861.7
1871.7
1887 4
1897.0
1909.0
1910.6

882.8
712.3
72243

847 .4
842 .8
840.5
843%.9
852.7
866.7
875.2
88543
896.8
721.4

84l.%
8%29.6
845.0
852.0
866.3
875.0
885.4
897 .6

840.4
843 .6
852 .8
867.1
875.8
887.0
888.6

845.1
866.5
882.0

893.9

851.1
866.2
878.9

l.3046
1.%211
1.3211

1.2(046
l.3046
1.3046
1l.3046
l.2(46
1l.3Qu46
l.3046
1.2046
1.5(046
1.%211

1.5(46
l.3Qu46
1.5046
1.3046
1.3046
1.3046
1.346
1.5046

1.2046
1.2046
1.246
1.5046
1.3046
1.246
1.3046

l.5Q46
1.3046
1.2(46
1.2046

1.3046
1l.5046
l.3Qu46



STATE

4l1-41
=42

42-42

12,790
13.613

14,018

2.3
-95.1

-46 02

148

188%.7
1896.2

190%.2

863 .7
87543

88l1.7

1.5046
1.%2046

1.5046
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6. Specimen Calculations

6.1, Calculation of the cylinder gas release temperature

4C.3%322 psia.

Cylinder release pressure P}

Cylinder release volume Vv 0.02121 cu.ft.

¥
0.02109 cu.ft.

Cylinder trapped volume Vt

From the indicator record, the cylinder pressure at
air port closure = 14,37/ psia.

The measured air mass flow = 0.938C4 1b/min.

Hence, assuming that no air is short circuited, then:

Weight of air in cylinder = 1110.5

8.4470 x 1077 1b.

From the characteristic gas equation:-

Volume of air in cylinder at air port closure

8.4407 x 107% x 96 x 292.,7
1oy x 14037

0.,01147 cu.ft.

Thus the volume occupied by the residual exhaust gas

trapped volume - volume of air

0.02109 - 0.01147

0C.00962 cu.ft.

The release temperature is obtained by an iteration
process to obtain a mass balance, and the last step of
this process is given below.

Assume the temperature of the residual exhaust gas

at air port closure to be 888 °K.
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From Section 4.1, R for the exhaust gas = 97.80 ft.lb/1b.°C.

Hence, from the characteristic gas equation,

weight of residual gas in the cylinder

44 x 14,37 x 0.00962
97.80 x 888

2,2921 x 1074 1b.

The measured fuel consumption = 0.05068 1lb/min.,

thus the weight of fuel injected per cycle = %ﬁ%%?%?

= 0.4564 x 107% 1b.
Hence, the total weight of the cylinder contents at exhaust

port opening

(8.4470 + 2.2921 + 0.4564) x 10°% 1b.

: -4
11.196 x 10~ ' 1b. o1

Now T release = T residuals (g ig;fﬁﬁsls) r

Based on the previous step, the mean ¥y = 1.2954,

v2954
thus T release = 888 (&9;222)1-2954
1 559
= 1125 °K.

Using this temperature, and the characteristic gas
equation gives:

weight of cylinder contents at release

_ 144 x 40.322 x 0.2121
= T 97.80 x 1125

11.193 x 10°* 1b.
This value compares with that obtained above and

therefore the release temperature is 1125 °K.
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6.2. Temperature in the exhaust pipe adjacent to the

ports at the beginning of blowdown.

The temperature existing in the exhaust pipe at the
commencement of blowdown is the downstream temperature
at the major temperature discontinuity. This temperature
is determined by considering the heat loss from the gases
during the period in which the exhaust ports are closed.
Assuming that the gases existing adjacent to the
ports at the instant of port closure have just been
ejected from the cylinder, and that the pressure there
is PO = 14.%22 psia., then their temperature, and the
datum value a,, are obtained by considering an isentropic
e&pansion of the cylinder contents from the release
conditions to the datum pressure PO. The initial

-~

evaluation of these values requires the use of an iteration
process using a mean value of ¥y for the expansion. If,
however, an isentropic step by step analysis of the
cylinder expansion is performed, then the accurate values
for the temperature and a, are obtained.

From the isentropic step by step analysis, the
temperature of the cylinder gases at the end of blowdown
is 888.2 °K. (and a, = 1910.2 ft/sec),.

The exhaust ports are closed for 262° of crank angle.

Hence the time for which the ports are closed

]

262 x 15.008 x 102
2,922 x 1072 secs.

H
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Assuming the mean temperature of the gas in the
pipe during this time is 805 °K, then from Fig. 31, the
rate of heat transfer is 46,014 ft.lb/ftB.sec.

Thus the loss of enermy by the gases in this period

- 46,04 x 3.932 x 1072
- 1809 ft.lb./ft.”
and this can be equated to p Cp AT.
The density of the exhaust gas p = é%
_ o las x 14.322
N 97080 X 805

0.02620 1b/ft.>

The value for Cp, at the temperature of 805 °K,
is evaluated from gas tables and the exhaust gas

analysis, and its value is 0.3%015.

1809 _ 0.0262
Hence, AT = 756 X §.3015

163.6 °C

This gives a mean temperature of 806 °K. which
compares with the assumed value of 805 °K.
Thus the temperature in the pipe at the instant

of exhaust port opening = 888.2 - 163.6

724.6 °K.
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©.3. Cylinder step calculation.

Consider the boundary region I15IE15, which occurs

within the blowdown period.

The initial cylinder parameters for this step are:-

Pressure (Pl) = 24,778 psia.
Volume (Ve) = 38,883 cu.in.
Temperature (Te) = 1008.1 °K
Density (p,) - 0.03619% 1b/ft>
Local acoustic velocity (ae) = 2018.4 ft/sec.,
Mass (m_) = 8.14409x 107™% 1b.
Ratio of specific heats (ye) = 1.29%48

From experience, it is possible to reduce the number
of iteration steps by 'guessing' the slope of the reflected
wave which completes the field boundary of region Il5:H15’
and the first approximation tozlPr

Using a 'guessed' slope in the position diagram gives

the following:

initial crank angle for step = 38.70° before B.D.CLEF
final ] " " " - 57 : 090 " "
mean n n [} n (am) = 57 4 8950 " n
chang;e Of ] " n " (Aa.) - 1.610 n "

Using the above values of crank angle for the step:-

from Fig.25:
final cylinder volume = 39,244 cu.in,

39.06% cu.in.

Ll

mean " " ] (Vem)

change of " . (A Ve) 0.361 cu.in.
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from Figs. 26 and 27:

port area N
mean pipe area for the exhaust ports E 0374,
mean hydraulic radius (r) for exhaust ports = 0,1061 in.

Taking AIﬁ'for the step as -2.910 psi. gives the
mean P1 = 23,323 psia, and from equations (3.,8-11),
(3.8-=12) and (3.8-1%), the values of AT, L\.pe, da_ are

found, thus giving:

993%,8 °K
0.0%34450 1b/ft>

mean Te for the step

mean o for the step

2004 .1 ft/sec.

mean a_ for the step

At the mean temperature of the exhaust gases
(993.8°K), from Figs.29 and 3%0:-
1,2958

Te

and u = 0O.41% centipoises
Modified Reynolds number (Rm) = §§LQ which on
substitution of the above mean values gives:
Rm for step = 2,199 x 10*
An approximate value for the pressure ratio across the

P
ports Fl is obtained by using the pipe pressure for
2

the previous cylinder step,
"y

e, = 22323 . 1,16
AT T 20.e81 2

5
Using the above value for Rm’ and this value of ig

for the ratio %; in Fig.28, determines the coefficient
o
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of discharge:as:-

Cd = 00999

port area x C

Hence, k for the step = &£
pipe area d

0.374 x 4999
0.374

Transfer of state point from state diagram to boundary

I -

diagram.
The previous state point lying on the I15

characteristic is 114]113 (or 14.13).

Now in this pipe region, v = 1.5046 and for region
14,13, X = 1.03988.
Hence using the index marks ' and " for ¥ = 1.2
and Y = l.4 respectively, then the values of X for the
inferred states 14.13' and 14.13%3" in the state diagram are:-
X' 1.0%941
B 1.08902

The values of (aosz)'," for the pipe region 1lua,.,13',"
are calculated using equation (3.,4-=7) and the appropriate
tn ron
initial values of (aos2) ,"« The initial values of (aos2) ,
are identical with the (aosl)'," values obtained by

expanding the cylinder gases to the datum pressure EB

according to the approprigte indices for y = 1l.% and

Y = 1040



1894 .6 ft/sec.

—  gamn.. ;
= 1initial a R

ingbial a" = 1841,7 ft/sec.

os2

Hence using equation (3.4-7), for region 14.13

1893,8 ft/sec.

aN

0S2 18%0.7 ft/sec.

The slopes of the characteristics in the state
diagram through the state points 1l4.13'," are given by

equation (3.8-17), viz:

A-'," -] i
(A—§ = (Y2 a - ) ’

Substitution of the appropriate values for ¥ and

YT and the value of a, = 1910.2 ft/sec., gives:
@2y < @l
AU
A 'i "

and (K-ﬁ = 0.2076

The intercepts on the ordinate axis of these

characteristics drawn in the state diagrem are:-

¥=l
(&) <Y - 1.00077
(8]
Y=1
e = 0.98800

The intercept of these characteristics with the
ordinate axis in the appropriate boundary diagrams are

given by equation (3.8-20).
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Now

r L‘i ! 02'

P

[(—i—)”] - 3422578 | o.use9
and

, Sl ’

[(ﬁ ] - (3R255) - 0.93271

Hence, in the boundary diagrams, the intercepts are:-

=17 .

[(P%) T J - 1.00077 x 0.94529 = 0.94602
I_—_l. n

[(TJPZ) QTJ =  0.98800 x 0.93271 = 0.92152

The slopes of these characteristics in the boundary

diagrams are given by equation (3.8-19), i.e.

i . 0.3 . 18%.6 _
e — = =32 x ety = 0.1501

=1

1 _ Q. 1841.7 |
— _._‘LZ x JeEsth = 0.2001

The interception of these characteristics, plotted

in the appropriate boundary diagrams, with the k = 0.374

line gives:-
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- P 2hl '
M' = o.2o2o;[(f$) T = 0,98110;
1
P Y=11 »
M" = 0.2027; (-P§)2Y - 0.97062;
1

u2 1

(5— = 0.2360
1

u2 "

(EI)’ = 0.2463

Hence the extrapolated value of M for y=1.2958 is 0.2027

Mass flow out of cylinder (& me) =

Thus the mean mass in the cylinder

Hence, from equation (3.8-10):

-1,2958 x 0.09838

therefore, A Pl

-20 975 PSl °

Mal Py A2 At

. -5
%5+ 0953 ay Py Ihl Aa x 10

3.0953 x 2004.1 x 0.03445

X 0.2027 x 1.61 x 10°°

0.69501 x 10° % 1b.

=(8.14409 - iéggglbclo"4 1b.

= 7,79659 x 10”4 1b.

P
1 0.%01 0.69501
P - -L.2958 (G3igs ¢ 7ioEsy)

-23.%23% x 1.2958 x 0.0983%8

Hence the new approximate mean values for the step are:
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Pl = 23,291 psia.

Te = 993.6 °K

p, = 0.034497 lb/ft’
a, = 200%.8 ft/sec.

Approximate state of region 15.13.

tl ron tl .T.:..l "
B Y ’ P, 2y P. EY ;
[(—2> ] - [<—2> () ]
Po Pl Po
and
u2 ron [u2 8.1 kB
(g;) y = (EI)(EE) ] )

Substituting in the above expressions gives:

X' = 0,98110 x 1.05788 = 1.03789
X" = 0.97062 x 1.07215 = 1.04065
- _ 18 06 _
U 0.2360 x T§%%T§ x 1.05788 = 0.2476
T = 0.2463 x %%%%f% x 1.07215 = 0.2546

Interpolating for the value of ¥y = 1.%50u6 for
the pipe, gives the state of the region 15.1% as:-
X = 1.03802
U = 0.2479
Using these state parameters, the field boundaries

to region 15.13 can be redrawn, using equation (3.5-5),

if the 'guessed' boundary lines are found to be incorrect.
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The approximate state point (15.1%) is also
plotted on the state diagram and the states (15.13)',"
inferred, from which new ordinate intercepts are found.

The new mean crank angle for the step (if different
from that already selected), is used with the new mean
state parameters for the cylinder, and the calculation
repeated until satisfactory convergence for the value
A Pl is obtained.

The correction of region 15,13 for the irreversibility

occurring in the pipe flow is next applied. To apply this
correction, the regions (14.13)'," are transferred to the
boundary diagrams in a similar manner to that already
described, and lines are drawn of slopes given by equation
(3.8-23) to intersect the appropriate k line. These
intersections give the new values for all the parameters.

The new values obtained from the boundary diagrams

are now used to repeat the whole iteration procedure.
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6.4. Solution of a region containing a temperature

discontinuity.

Consider region I13 Hﬁ3 (or 13.13), through which
the major temperature discontinuity passes.

The adjacent regions on the temperature discontinuity
and the rightward and leftward moving waves are 12.12',",
13, 12 and 12.13% respectively and the state parameters
for these regions are known from previous calculations.

The state of region 13%.13% is first determined
assuming isentropic conditions to apply.

For the rightward moving wave 113,

a,q (for region 13,12) = 1909.90 ft./sec.
and the slope of the I,, characteristic = ke =08
1% y=-1 a,
2 1909.9
T 1.3Qu6-1 1910.2
= 6.5659
For the leftward moving wave ﬂi5,
a,q (for region 12.13) = 1723%3,98 ft./sec.

L 1225. 8
and the slope of the Hﬁ5 characteristic = TT?%TT:T 1,105%

5.6214

Substituting these slopes, together with the appropriate

state parameters for regions 13.12 and 12.13% in equation

(3.5=16) gives:
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-6.5659 (X - 1.03%849)
+5.6214 (X - 1.03844)

U - 0.2527
U - 0.2076

Solving these equations for region 13,13 gives:

0 = 0.2286

X = 1.m217
Hence, u = 43%6.7 ft./sec.

P = 20.260 psia.
a' = 1990.8 ft./sec.; a" = 179.7 ft./sec.
T' = 964.,7 °K.; ™ = 786.,0 °K

These results are used to draw in the approximate
particle path, and the approximate field boundaries which
complete the region 1%.13%, using equations (%.5-6)

and (3.5-5) respectively.

8|

T

The value of 8, s and the state parameters U and X
for region 13.1% are also determined using the above
results to obtain the appropriate mean values for
substitution in equations (3.,4-7) and (3.5-15).

Determination of aéé" for region 1%.13%',"

The particle on either side of the temperature
discontinuity and arriving in region 1%.13%3',", have come
from region 12,.,12',". Hence, the initial values for a5s

and Tos for the path line are those of region 12.12',".

For the particle path from 12.12' to 13.1%', the

initial a_, = 1907.40 ft./sec., the initial T,s = 885.59 °K,
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and the mean state parameters are:

u = 419.4 ft./sec.
T = 959.6 °K
B, o5
Also (?r) = 1.08199.
o
Now Rm = 124 BLE _ 251.06 u P and from Fig.30,
K T
p = 0.0402 centipoises which on substitution gives
m = 54’450
and loglo Rm = 4.7558

Hence, from Figs. 31 and 32 respectlively,

87510 ft.lb./ft.Bsec.

q

f 0.02128

The At path, measured in the position diagram, is
1.89101 x 107+ secs., and its substitution, together

with the other variables in equation (3.4-7) gives:

a
270s _ 1, ;;é%&é (1.7802 - 23.6309) 1.89101 x 10~*
laos
= 0.999377
2Tos 2aos
Also, 7 = 2 = - 1 = 0.998755
1 0os 1 0s

1906.22 ft./sec.

Therefore, 280s

and 2708 884 .49 °K.
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Proceeding in a similar manner for the particle

path from 12.12" to 13.13%" gives:

2%0s 172%.,81 ft./sec.

2Tos 7235 °K.

Determination of U and X for region 15.17.

For the I15 wave, the mean a = between regions

o
13.12 and 13.13' is 1908.21 ft./sec.

Thus the slope of the characteristic

0
= ©6.5590
The mean state parameters are:-
u = 459.7 ft./sec.
P = 20.027 psia.
a = 1987.% ft./sec.
T = 96l.3 °K.
Hence, g = 0.0402
R = 59,810
log,g Rm = 4,7768
giving f = 0.0209
q = 88,660 ft.lb./ft.” sec.

The wave time A t, measured in the position diagram
is 1.54282 x 10°% secs.
Substituting the above values in equation (3.5-15) gives:-

-4
(Aﬁ)l -6.5590 (AX)I - (15.282 + 14.125) l'i;‘ii ’2‘ 10

]

"

—6.5590 (A - 2%.75 x 10 4
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Similarly, for the Di} wave,

a
Ygl osamean - 5.6211

o}
and (AT)p = + 5.6211 (AX); - 6.16 x 107"

Substitution of the appropriate values for U and X
for regions 1%.12 and 12.1% in the above gives

U - 0.2527 = =6.5590 (X - 1.03%849) - 2%.75 x 104

U - 0.2076 = +5.6211 (¥ - 1.0%844) - 6.16 x 1074

Hence, solving for X and U gives:-
X = 1.04203
O 2871

=]
N

from which the following state parameters are obtained:-

P' = 20.378 psia.; P" = 20.097 psia.
P = 20.237 psia.
u = 43%,8 ft./sec.
a' = 1986.3 ft./sec.; a'" = 1796.% ft./sec.
T' = 960.4 °K.; T" = 785.6 °K.

These results completely define the state of

region 13.13%',".
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Inflow at the open end.

When inflow occurs at the open end of the exhaust

pipe, the equations to be satisfied are:-

and

o
P>

— a o -—
(6 B = -F7 {-—iﬁ @ D)y - @ Tg, )y (3.5-15)
1+ ——T (3.8-16)
(9?7 - 5L
u, 2

Consider region 20.42 at the pipe open end.

From previous calculation, the state of 20.41, which

is the preceeding region on the rightward moving wave I2O’

is known. The change in 8,500 together with the correction

term (A T

f+q)I’ between regions 20.41 and 20.42 can be

obtained in a similar manner to that outlined in Section 6.4.

Whence, the change of state between regions 20.41 and

20.42 is defined by:-

1910.2 I

i.e. (A ﬁ)I = =4,3707 (A X)I - 0.000%

For a first approximation to the solution of this

equation, the unknown pressure in the region of the open

end (20.42) is assumed to be atmospheric. Hence,

substituting 220 §s = l, and inserting the appropriate

values for region 20.41, this equation becomes:-



167

U -0.0341 = = 4.3707 (1.000 - 0.9910) - 0.00034
i.e. U = - 0.00558
i u2
Inserting this value of U(= ;—) in equation
(0]

(3.8-16) gives:

0. 348
=3 7 2.5974

(;9)27' = 1 Ty
SR, L L
: (5-00558 2
- 1.0000

In this case, no further calculation is necessary,
and the final value of pressure and particle velocity

for region 20.42 at the open end of the pipe is:

P2 = 140522 pSia.
y-1
When tHe valie iof 659)27' difbers From tHinitiel

<
value assumed (i.e. atmospheric), then the final solution

is obtained by an iteration process.
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7o Discussion of Results

7.1. Air consumption trials.

The results of the air consumption trials carried
out with varying lengths of exhaust pipe, are shown
plotted in dimensionless form in Figs. %3 and 3%4.

The scavenging in a naturally aspirated engine
is effected by utilization of the wave effects in the
exhaust pipe, and thus the criterion for dynamical
similarity, termed 'the natural pipe length', is EEL’
where n, L and a denote the engine speed, exhaust pipe
length, and mean local acoustic velocity im the exhaust
pipe, respectively. The scale for the abscissae in
Figs.33 and 34 is actually 60(959) since rpm. was
substituted for n when evaluating this grourp.

The ordinate axis represents the dimensionless
group of %—%%%z where V air is the volume of air
aspirated per cycle at ambient conditions, and V cyl.
is the effective cylinder volume at air port closure,
i.es 'trapped' volume.

Operating the engine at a constant air-fuel ratio
implies that the temperature of the exhaust gases leaving
the cylinder will be sensibly constant. Thus, for any
given running condition, the volumetric efficiency will
primarily be a function of engine speed. Hence, for

stable breathing, i.e. speed stability, the curve

relating dimensionless air flow and QEL requires to be
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of negative slope. Ideally, therefore, the characteristic
curve required to successfully operate a naturally
aspirated two-stroke cycle engine, is one which has a
constant negative slope for its operating speed range.

The plotted results of the air trials do, in general,
lie on negative slope curves, although for some pipe
lengths, running was achieved on the unstable portion of
the curves. This can only be ascribed to small inflexions
in the curves at these isolated running conditions.

The QEL group does not fully account for the effect
of gas particle velocity on the time taken for a wave to
travel from the engine ports to the pipe open end, and back
again. The engine speed, n, is directly proportional to
the mean propagation time for a wave, but the mean exhaust
gas acoustic velocity is not.

The lower particle velocities associated with a
smaller air mass flow causes an earlier return of the
scavenging pulse, and to maintain a constant scavenging
efficiency, i.e. the presentation of the same port
configuration to the rarefaction pulse, requires a
reduction in engine speed. Hence, for example, the peaks
for the differing values of dimensionless air flow
obtained with different pipe lengths should lie on a
line of positive slope, and not in a vertical line. This
slope of the peak values can be seen in Figs.33 and 34,

the maxima around 93; = 5 exhibiting this behaviour

clearly.
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The chain dotted line superimposed on Figse. 33
and 34 is the curve obtained from the previous simulated
work. Above a value of QEL = 3.5, which is the region of
operation in which the scavenging is performed by the
primary rarefaction pulse, the trend compares with the
firing engine results, although the amplitudes of the
latter vary considerably. The unique simulated result
curve was, however, obtained by using a constant cylinder
release pressure, a condition which is not constant in
the operation of the firing engine.

The amplitude of the scavenge pulse is affected by
the irreversibilities and the temperature discontinuities,
and their combined effect will vary with different pipe
lengths. For the same values of EEL’ therefore, the air
mass flow, and thus the cylinder release pressure will
vary and a unique line will not be obtainable.

For the curves in the region below a value of E§L= Bhos ks
no marked general trend can be seen. This region of
operation is that in which, during the time the exhaust
ports are open, the pressure waves traverse the exhaust
pipe several times, the scavenging being the result of
the cumulative effect of the various wave trains. Thus
no marked general trend can be expected with a firing
engine when such a complex wave action is involved.

Induction pipes of the correct length to provide

a ramming pulse just before the air ports close would
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improve the air mass flow , and preliminary experimentation
was carried out using a limited range of induction pipe
lengths. Although dimensionless air flows greater than

100 were obtained, the air flow curves exhibited pronounced
peaks similar to those for the engine without induction
pipes. Hence, investigation of induction pipe ramming

was suspended until work with the more stable exhaust

pipe-diffuser configuration had been carried out.



7.2. Indicated trial.

The measured exhaust gas temperature in the exhaust
pipe is shown plotted in Fig.3%”7. A calculation based on
the mass discharge per cycle and the mean temperatures
for the appropriate sections of the exhaust pipe, indicates
that two successive temperature discontinuities should
exist at approximately 20 inches and %7 inches from the
engine ports. The inflexion of the plotted curve at
approximately 20 inches from the ports indicates that this
discontinuity still exists, although very much attenuated
by mixing and diffusion. The next, and successive
discontinuities, however, are not at all apparent. This
indicates that a temperature discontinuity has decayed
considerably by the time one engine cycle is completed,
and that after this time, no measurable temperature
interface exists.

In the theoretical analysis,therefore, all reflections
at the temperature discontinuity formed at the commencement
of blowdown are fully considered for the first 55° of
crank angle from exhaust port opening. After this time,
the approximate procedure, as outlined later, is used.

Solution of the exhaust gas flow equations allowing
for the measured temperature gradient, would involve
assuming a small temperature interface to exist in each
region used in the construction of the characteristic net

along the first wave 12, Fig.38. The resulting increase
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in computation time would be prohibitive, see comments
later regarding time for calculation. Hence to

facilitate the pipe flow analysis, a coarse stepped tempe-
rature profile is assumed, the second and third steps
approximately coinciding with the position of the

decayed temperature discontinuities created by the two
previous engine cycles. The first step, however, is
inserted to divide the large temperature drop in this
region into two smaller ones. Consideration of these
temperature steps in the theoretical analysis can be
regarded as summations of the changes occurring in the
regions between them, and the result of this is to alter
the timing of the effect of the temperature gradient on
the diffusion waves promoted by friction and heat transfer
effects back towards the ports.

The predominant effect of the main temperature
discontinuity results in an increase of 0.538 psi. in the
calculated value of the initial pressure pulse amplitude
as compared with the isentropic analysis, whereas the
subsequent temperature steps along the pipe only produce
a pressure rise of approximately 0.09 psi. in the peak
value. Thus the effects of mistiming are very small.

The temperature in the exhaust pipe in the region
of the cylinder ports would be very severely effected, and
the theoretical evaluation of the flow process very much

complicated, if air was short circuited. This would
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establish a 'plug' of cold air in the pipe Jjust outside
the ports and the effect of the large temperature
discontinuity so formed would be considerable. It is
considered unlikely that a uniflow engine running with
a volumetric efficiency as low as 54% would experience
any short circuiting of air. To confirm this, however, a
plot of volumetric efficiency against torque was made
for all the air consumption trials. Over 95% of the
results, including that of the indicated trial, lay
within a straight narrow band, and since a very wide
range of operating conditions were covered, it was
assumed that, in general, no short circuiting occurred.
The few results which did not come within this linear
band were displaced towards the volumetric efficiency
axis, indicating that for these isolated cases short
circuiting did occur.

The evaluation of the regions containing the
temperature discontinuity was not performed using the
theory as developed in Section 3.7(c), instead a modified
calculation as shown in Section 6.3 was used. Tnis
simplified analysis results in a difference in pressure
on either side of the discontinuity, and the mean of
these two values is taken.

The simplified treatment, however, considerably
reduces the time of calculation, and since it introduced

. 3 e B0 T . 1
a maximum artificial pressure difference of only 1l= ,
[
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across the interface, which is within the measuring
accuracy of the pressure transducers used, then its
use was considered to be Jjustified.

Calculation of the cylinder boundary regions
were performed in the manner described in Section 3.8(d).
When using the slope equation for the transferred
characteristic allowing for irreversibility in the pipe,

ecuation (3.8-2%), however, the term involving A Uf+q
was found to be only of the order of 1% of the value of

the other term, and hence it was neglected. Further, the
'shift' of the boundary state point obtained by applying
this equation was very small, and application of the
correction was discarded after blowdown was completed.
These simplifications make for a considerable reduction

in the calculation time at the cylinder boundary.

The interpolation of the cylinder boundary conditions
from the ¥=1.3 and yv=1.4 diagrams, and the adoption of the
simplified analysis for the temperature discontinuities,
gives results which compare extremely well with the
indicated records for both the cylinder and exhaust pipe,
see Figs. 39 and 40, These show that the amplitude and
timing of the pressure and rarefaction waves given by
the irreversible flow analysis are in good agreement with
the recorded traces, whereas, the isentropic analysis is

in error.

The major temperature discontinuity increases the
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peak of the blowdown pressure pulse by 0.58% psi. as
compared with the isentropic value. The overall decay
of Whis pulse few the 50 inches of pipe fIom the mager
temperature discontinuity to the point at which it
meets the returning rarefaction wave is 0.3%68 psi.
The larger amplitude pressure pulse arising in the
non-isentropic flow analysis, on arriving at the open
end, will give a reflected rarefaction trough which is
more intense. This is, however, attenuated by the
irreversibilities and the main temperature discontinuity.
The net effect is that the irreversible flow theoretical
rarefaction wave amplitude is comparable with the
isentropic flow value at the 41 inch indicating point in
the exhaust pipe, but the attenuation at the main
temperature discontinuity produces an amplitude comparable
with that recorded at the 11 inch indicating point.

The steep rise in pressure following the rarefaction
wave at the indicating point 11 inches from the ports,
as given by the irreversible flow theoretical analysis,
is exaggerated through not using the full reflection
treatment for the temperature discontinuity in this region.
From the position diagram, Fig.%8, it can be seen that if
all the reflections from the temperature discontinuity
had been considered, then the time taken for the pressure
to rise from the lowest value to the atmospheric value

would be increased, with a consequent lessening of the rate
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of pressure rise.

Poor correlation is obtained for the pressures
occurring in the region of the pipe open end after the
passage of the pressure pulse, see Fig.38. The pressure
changes are very rapid and oscillatory in nature and
hence reduction of the lozenge size in this region of
the position diagram would improve the accuracy of the
analysis. Also, the oscillatory nature of the pressure
fluctuations combined with the effect of the passage
length between the transducer diaphragm and the pipe will
be to produce distortion of the recorded pressure trace,
this combined with the lozenge size resulting in the poor
correlation shown.

The volumetric efficiency, based on ambient conditions,
gives a value of 60.8% for the isentropic analysis as
compared with the measured value of 5%.4%. The irreversible
flow analysis was not completed, but at the end of the
last cylinder step calculated, i.e. 30% after B.D.C.
exhaust piston, the mass of air then present represents a
volumetric efficiency of 57.5%. It is not possible to
estimate the air content of the cylinder at the time of
exhaust port closure, without completing the analysis, but
in the period between this latter event and air port
closure, some air is pushed out of the cylinder by the
movement of the pistons. Hence the final theoretical

result would almost certainly be less than 57.5% and
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probably less than the measured value due to the early
arrival of the positive pressure pulse following the
rarefaction wave, see the theoretical and recorded
pressure traces at 11 inches from the ports, Fig.3%8.

The maximum particle velocity in both the isentropic
and irreversible flow analyses occurs at the pipe open end,
the velocities being 1000 ft/sec. and 762 ft/sec. in the
regions I6 I{6 and I14 1[36’ respectively, see Fig.36 and
the table of results, For both analyses, the pressure
associated with these regions is atmospheric, substantiating
the communicationjon the published simulated work that a
velocity squared diagram could be of great assistance in
interpreting pressure diagrams as pressure and particle
velocity could not be correlated directly.

The computation time involved in performing the
irreversible flow analysis is considerable, the time taken
to produce Fig.3%8 and the associated table of results being
approximately 1600 hours. The approximate average times
to perform the different types of calculation involved
were:- 1 hour for a region in the pipe; 1% to 2 hours
for a region containing a temperature discontinuity;

4 hours for a cylinder boundary region. In comparison,
the isentropic analysis for a comparable period of crank
angle took approximately 200 hours.

The allowance for the variation of specific heats

with temperature in the cylinder calculations increases
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the step calculation time by approximately 20j.
Allowance for the y variation, however, is considered
justified since the accuracy of the result will be
improved, and its inclusion only increases the

computation time by approximately 40 hours.
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8. Conclusions

1. The good agreement obtained between the irreversible
fluid flow analysis and the indicated records for both the
cylinder and the exhaust pipe shows the physical premises
of the theory to be correct and sufficient, The use of

the quasi-steady flow approach, i.e. the use of steady

flow data for pipe friction, heat transfer, inflow at the
pipe open end and flow through the cylinder ports, is

shown to be justified and permissible for application,
instantaneously and locally)to the kind of wave motion
under consideration.,

Co Accurate results are obtainable by the Method of
Characteristics using finite increments of from 1 to 4
degrees of crank angle depending upon the rate of change

of pressure and/or velocity at the point under consideration.
During the calculation procedure the choice of the most conve-
nient approach rests with the calculator, and typical
examples are given in the thesis for guidance,

Se In addition to giving good correlation of the form of
the pressure changes occurring throughout the cylinder and
exhaust pipe system, the full theory gives an assessment

of the mass flow which is significantly more accurate than
that given by the earlier and simpler isentropic flow
theory. This confirms that an accurate result for the

mass flow, in addition to particle velocity and pressure,
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is obtained by use of the boundary chart interpolation
technique developed in this thesis. The technique allows

for the specific heat variation and the flow irreversibilities
at the cylinder boundary.

4o Effecting the solution by using a position diagram
instead of calculated and tabulated ordinates possesses

the advantage that a clear picture is presented of the
development of the main wave pattern, the origins of
secondary waves and reflections, and the history of the
motion of gas particles.

Se In a firing engine, the temperature discontinuities
produced within the exhaust pipe are very pronounced and
have a marked influence on the wave motion, and the variation
of specific heats is significant. These effects are absent
in a motored engine using simulated release conditions,

6o Barlier workersshave shown that, in a motored engine,
the air consumption resulting from the wave action was
uniquely related to the dimensionless group %% which they
termed "the natural pipe length". The present work,however,
shows clearly that no such relationship exists when the
engine is firing, and that the results of simulated work

are of no real practical value.

7o Since the present work demonstrates that the exhaust
pipe wave motion and mass flow can be predicted theoretically

with considerable accuracy for a single cylinder firing
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engine, future developments will probably be as follows:-

(a) Use of digital computors to remove the tedium and
slowness of manual computation.

(b) Steady flow or single-pulse experiments on pipe
enlargements, contractions, Jjunctions, and other elements
of practical exhaust systems. These would provide the
data necessary for the construction of boundary charts for
such elements and permit the extension of the present
treatment to the case of the firing engine with more than

one cylinder exhausting into a common manifold.



9. Appendices

9.1. Solution of three partial differential equations.

The fundamental equations defining the flow of a
fluid in a pipe are those of mass continuity, momentum
and energy. In order to obtain a general solution of
these equations, it is convenient to consider three
partial differential equations in purely mathematical
terms which will be appropriate to any condition of flow.

Consider the following three general partial

differential equations:

L. = A

1(ﬁ

- ov ov ow oW oz oz
Ly *'Az(ax) . BE(ay) * CE(GX) o D2(ay) T Ez(ax) " FE(ay)

+ G2 = 0
~ 4 (&Y av & 3z
+ G = 0 (9.1-1)
g
where the coefficients Al, A2, A3’ Bl’ B2, B3’ Cl’ 02, C5’

D E,, By, F, F

l’ D2’ DB’ El’ 3’ l’ 2’ FB’ Gl,
of v, w, 2z, x and y, and v, w, and 2z are functions of the

G2, G3’ are functions
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variables x and y.

i.e. v = Vv (X,Y)
w o= W (x,5)
z = 2z (X,¥)

The main obstacle to integration is that partial
derivitives with respect to both x and y are present,
To obviate this, consider any linear combination:

L = Ll?\1+L2?\2+L37\5

where xl, A, and RB are functions of v, w, 2, x and y.

2
- ayd g, pdW, o0, pdz, gz
i.e. L Max+Nay+Pax+Qay+Rax+Sy+T
= O (9.1-2)
where: M = A A, + 2, A_+Ar, A

L° 1 2 2 2P

[ R | 2 2

The aim now is to adjust the functions xl, A2, and
15, so that along some particular line in the x-y plane

equation (9.1-2) becomes one relating only total

differential coefficients dv, dw, dz, and dx.
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In moving a short distance from (x,y) to
(x + dx, y + dy) along this line, let v become

v + dv, w become w + dw, and z become 2z + dz.

. _ oW ov dy
Then: dv = dx(gg * 3y dx>
B ow ow dy -
dw = dx(ax + 3y dx) (9.1-3)
_ o} 1 oz dy
dz = dx(33 + 37 ax’

If Kl’ k2, and A , can be so chosen that a line

9

can be found along which:

dy _ N_g_8
dx =~ M P R
A A A
- %X . % ) Bl + 2 32 + B5
T - Y
ay _ g1t P s O h(9.14)
dx P xl C1 + k2 02 + h5 D5
oy s MFLtr g E
dx R hl E1 + k2 E2 + A
then from equations (9.1-3) and (9.1-4)
ov ov dv
MH+N—§=de
ow Hy OW dw
Pax * 9 dy P dx (9.1-5)
0z , g2z _ 5 dz
B 3x T o Yy R 3%

Therefore, along such a line, if obtainable, equation

(9.1-2) with equation (9.1-5) substituted gives:
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Mdv + Pdw + Rdz + Tdx = @

(9.1-6)

The functions M, P, R and T are algebraic functions

comprising combinations of the given functions Al, A2, A5’

Cl’ 02, C5’ By 5 E2, E3’ and Gl’ G2, G3’ respectively, with

the unknown functions kl, he, and A _.

£

Construction of the lines.

Writing & - £ for convenience, then from equation

ax
(9.1-4)

|
]

.

+
n
l\)>

+

> >
NN
g
AN

[
o
gt
¥
N
o
Mo
+
=
W b
al
W AN

|_.?)|_?)
bxj

-
N?’
ki

o
>
\N“nﬁ

Therefore:

ll (A-.I. ﬂ‘Bl) * 7\2 (A2 E'Bz) * %(35 ﬂ’Ba) = 0

Ay (Cy B=Dy) + Ay (Cp B=Dy) + & (G #=D,) = O

)‘l (El ﬂ"'Fl) + hg(Ez ﬂ-F2) ¥ %(EB ﬂ-FE) = 0

(9.1-7)
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or:
Al ﬂ—Bl A2 ﬂ-BZ A5 Q-BB
G, #-D; C, - D, C; #-D;| = O (9.1-8)
E, p-F) E, 2-F, E3 JZ>--F3
The solution of the determinant (9.1-8) is of the
form:-

(@ +e)a g -2bP+c) = O (9.1-9)

Thus the required line along which equation (Y.1-6)

holds has a slope %% = £ which satisfies equation (9.1-9)

2
b 1+ /(b - ac)
dx - ’51, = a (9.1-10)

If equation (9.1-10) has two real roots, then the
basic equations (9.1-1) are termed hyperbolic and
characteristics can exist (see Classification of
Differential Equations at the end of this section)

To eliminate the unknown functions Al’ X2, and 13,

from equation (9.1-6),

write

oI w].f
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Then from equations (9.1-7)

ny (&) #-B)) + my (A, $-B) + (A5 $-B;) = O

(9.1-11)
my (Cl E)—Dl) + m, (02 ,O—D2) + (C5 E-—DB) =0
Solving equations (9.1-11) for m, and o, gives:
= 901-12
ml (Al E- Bl)(cz ﬁ- DED-(A2 ﬂ" Bg 1 = Dl) ( )
(A, §-B;)(C; £-Dy)-(A, P-B.)(C, P-D;)
BB X Ao 1 1 3.3 (9.1-13)

"2 % (&, P-8,)(C, £-D,)-(A, P-B,)(C; B-Dy)
Now M = hl Al + l2 A2 + Ra A5

and substituting for hl and k2 in terms of m, m,, and

KB gives:
M = (ml A +m, Ay + A5) hB
Similarly:
P = (ml Cl + W, Cy + CB) AB
R = (m1 El + E2 + EB) KB

T = (m G +m, Gy + Gg) A

Hence, equation (9.1-6) becomes:
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(ml A +m, Ay + A5) dv + (ml C; + m, C2 ¥ 05) dw
+ (m1 El +m, B,y + E5)dz + (ml Gy + m,, G2 3 Ga)dx== 0 (9.1-14)

Thus the slope of the required line in the x-y plane
is completely defined by equation (9.1-8) and along this
line dv, dw, dz, and dx are related by equation (9.1-14)
with the appropriate substitutions for ml, m2, and P
[equations (9.1-12), (9.1-13) and (9.1-10) respectively]

Clagsification of differential equations.

If b2> ac, equation (9.1-10) has two real roots and
the basic equations (9.1-1) are of the hyperbolic type,
i.e. two characteristic curves pass through every point
of the physical plane.

If b° = ac, equation (9.1-10) has one real root and
the equations (9.1-1) are termed parabolic and have no
great practical significance.

IE b < ac, equation (9.1-10) has no real roots and
the characteristic curves are imaginary. The basic
equations (9.1l.-1) are then known as elliptic.

Use of the Method of Characteristics requires the
basic equations to be of the hyperbolic type, i.e. with
two real roots. Then the general form of the resultant

diagram is as shown in Fig.4l.

The I characteristics are based on:

b + \/(b2 - ac)
a

ﬂI=
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each member of the family corresponding to a given
value of the integration constant.

The II characteristics are based on:

b - /1b2 - ac)
a

ﬂI[ =

each member of the family corresponding to a given

value of the integration constant.

II characteristics

I characteristics
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9.2 Solution of two partial differential equations.

When the flow of a fluid along a pipe is considered
to be isentropic, the state parameters are completely
defined by two partial differential equations (see
Section 3.3)

The solution of two partial di fferential equations

of the form:

=, 2y 2w ]
L =4,G + 1(ay) + C (5% + D)Gyg) + G =0

(9.2-1)

I
(@)

LE—A( )+B( )+02(%§)+D( =) +

is completely analogous to the method given in Section 9.1.
The full solution, therefore, will not be repeated, and
only the result will be stated.

The partial differential equations (9.2-1) can be
transformed into total differentials along two paths in
the x-y plane, the slopes of which are given by:

ky B =5 is B = By

= 0 (9.2.2)

where P = %%
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The relationship between dv, dw, and dx along

these lines in the x-y field is given by:

(ml Al ¥ A2)dv § (ml Cl + CZ)dw + (ml G. + G2)dx = 0 (9.2=3)

3

By - A, 0
A £ - By

(9.2-4)

where ml
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9.%. Application of the Method of Characteristics

to isentropic flow.

The basic equations which define the flow parameters
for isentropic flow in a pipe of constant cross-sectional
area are those of mass coptinuity (3.3-1) and momentum

(3.3-7) repeated below.

p%-}.u%}%-}-%% = 0 (5‘5-1)
pll%% +p %E + a° %ﬁ = 0 (3.3=7)

The general solution of two partial differential
equations of this form is given in Section 9.2, the
equations therein being of the form:

Y ov 2w ow
L= 4G + BiGy) + 611G + DG + &

]
o

(9.3-1)

]
o

- ov ow aw
L= A,(Gx) + Ba(Gy) + Co(Ex) + DalEy) + G

It is also established in Section 9.2 that the
partial differential equations (9.3-1) can be transformed
into total differentials along two paths, the slopes of

which are given by:

A - B 4, P - B,
= 0 (9.%=2)
C, #-D C, - D;
. dy
where @ = a



Comparison of equations (3.3-1) and (3.3-7)

with equations (9.%-1) yields the following identities:

=l By Ll 'l B
o) 0 )] 'y 0
(9.3-3)
A2 B2 C2 D2 G2
pu p a2 0] 0
where v=u; w=p; x=x; y=t.

Substitution of these identities in (9.3-2) gives

the result:
p P p(u P - 1)
= 0
wup-1 a°p
dt
where P = 7

Expansion of this determinant gives:

(a2 - ue) ﬂz - 2up-1 = O

which has the following roots:
at’ = u & a (Mach lines) (9.3-4)

Equation (9.3%-4) signifies that disturbances are
propagated either rightward or leftward with the local

acoustic velocity relative to the fluid. Thus the absolute
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propagation velocity of a disturbance is the algebraic
sum of the local acoustic velocity and the particle
velocity at the point under consideration.

The general solution obtained in Section 9.2 gives
the differential equations of the Mach lines in terms
of the state parameters on substitution of the
identities given by (9.3-3)

From Section 9.2:

(m1 Al + A2) dv + (m1 C1 2 C2) dw + (ml Gl =1 G2)dx==0 (9.3=5)

where m, = (9.3-6)
Al 0 - Bl

Substitution of the values for the coefficients given
by (9.2-3) in equation (9.%-6) yields the result:

m. = 1 =-u®
. 0

and equation (9.%-5) becomes:

[(1—u2))p+puﬁ)]du+ [(1—u2))u+a22)]dp=0

: . _ 4at

Substitution of @ = I
" 1 from equation (9.3-4)
u - a
then gives:
(ua)du+ (@aiu)adp = O
whicn reduces to:
du = T E dape (9'5—7/
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Since isentropic conditions are assumed,then:

2
P = Py () -1
0
-,
and dp = p =7 (ﬁL)Y_ d(éL)
0 )

and substituting for p and dp in equation (9.3-7)

gives the result:

- D
a3 -= ¥ ghp Al (9.3-8)
o o
. X1
Hence writing U for (=) and X for Cﬁl oY . (i
a J 5 a
o 0 o
equation (9.3-8) becomes:
@ u) - T 2= (aX) (9.3-9)
I, H Y— /I, I[ *

This equation completely defines the change in state

along any characteristic in the x-t or physical plane.
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having slopes given by:

¢ - (9.4-2)
Iy ‘II
Bach characteristic line in the state diagram
represents the change of state when following a particular
wave point in the position diagram.
Thus the position diagram consists of lines which

are the boundaries of regions within which the state of

the fluid is represented by a point in the state diagram.

Position Diagram State Diagram
3,
2 iz
I I
x U
Fig. 42

Consider the position and state diagrams, Fig. 42 ,
in which the regions 1 and 2 are known. The state in
region % results from the superimposition of the
rightward moving wave through 1 and the leftward
moving wave through 2. The rightward moving wave from

region 1 can only change its state along a line of
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slope - (xgl)through point 1 in the state diagram.
Similarly, the leftward moving wave from region 2

can only change its state along a line of slope + (Igl)
through point 2 in the state diagram. Construction of
these two characteristics in the state diagram results
in their intersection at point %, which completely
defines the state in region 3 of the position diagram.

The wave path boundaries in the position diagram
between regions 1 and %3, and regions 2 and 3 can now
be constructed, their slopes being given by equation
(9.4-1) in which the values used for u and a are the
means between the respective states.

The position and state diagrams defining the
initiation of the fundamental pulse in an engine
exhaust pipe are shown in Fig.s3 . The state 1l.l
represents the stagnation conditions in the pipe
prior to discharge from the cylinder commencing and
is taken as the origin of the state diagram. This
implies the use of a,s the datum condition, as that
defined by the state of the gas in the exhaust pipe.

At the instant of port opening, an acoustic wave,
ob, in the position diagram, is generated in the

exhaust pipe, the slope of which is given by %%: ﬁL.

(0]

The state of region 2.1 is obtained from a

consideration of the boundary conditions at the engine

ports. In the state diagram, 2.1 lies on a II
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14
I
3
c
Ia
o
Plane of Plane of
BEngine ports x Open end

Position Diagram

State Diagram Fige.4>.
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characteristic of slope + (Iél) which passes through

the origin =~ = 1. Similarly, state 3.1 can be
(0]

obtained which again lies on the ZEi characteristic

of slope + (Igl) through the origin 1l.1.

The slope of the propagation path c¢d in the
position diagram can now be obtained from equation
(9.4-1) using the mean values for u and a between the
states 2.1 and 3.1, as given by the point Y in the
state diagram.

On reaching the open end of the pipe, the flow
must satisfy the local boundary conditions, i.e. the
pressure in region 2.2 is atmospheric, and therefore
éL = 1. The change of state between 2.1 and 2.2 is

o
along a rightward path and can only take place along
the 12 characteristic of slope -(Igl) through 2.1.
Therefore state 2.2 is located on the abscissa of the
state diagram. The slope of the propagation path bd
in the position diagram can now be obtained from
equation (9.4-1), using the appropriate mean values
between the states 2.1 and 2.2.

Proceeding in this manner, the complete network
can be completed, and the next few steps in the
analysis are shown in Fig.43.

The value of a, in the pipe is a constant for the

isentropic analysis, hence axes of a as ordinate and u
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as abscissa can be used for the state diagram. This
is more convenient, since the mean values of a and u
between two regions can be obtained directly from

the state diagram.
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9.4. Graphical Solution for Isentropic Flow Using

the llethod of Characteristics.

The nature of the characteristic equations (9.3-4)
and (9.3-9) necessitates the use of a step-by-step
integration in which the pressure profile is considered
to be of a stepped form, the accuracy of the result
depending upon the step duration. From a consideration
of these equations, the solution for a pressure wave
propagated in a pipe can be obtained by the simultaneous
construction of two diagrams, a position diagram and a
state diagram.

The position diagram has lines or characteristics
of position which represent changes in position with
time of the particular wave point considered. Using
axes of time as ordinate and distance as abscissa, from

equation (9.3-4), the slopes of the position lines are

given by:
e = (9+4-1)
I, I u - a

Along any line of position, the change of state

of the fluid is given by equation (9.3-9), i.e.:

¥-1 I;I

Hence, the state diagram with axes of X as ordinate

and U as abscissa gives a network of characteristic lines
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