S




LTI ——
1403063855 : »

ADVANCED SCHOOL OF AUTOMOBILE ENGINEERING

CRANFIELD

The digital simulation of a turonCharged
diesel engine

by

H.D. Shroff, B.Tech.(Mech), D.Au.E,
and

D. Hodgetts, B.Sc., B.Sc.(Eng)., M.I.Mech. E,

SUMMARY

A mathematical simulation of a six cylinder four stroke water cooled diesel
engine is described and then used to study the changes in performance caused by
variations of engine paramters and operating conditions. The results are discussed
- with reference to the mathematical model employed and the physical system.

A -limited study, to demonstrate the applicability of the simulation, considers
the optimisation of a variable geometry system to achieve a performance target.
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LIST OF SYMBOES AND ABBREVIATIONS
A “Area, ft2
B.D.C. Bottomn dead centre .
C  Specific heat, ft.Ib 1bm™! -1
C.A. Crank angle
D Cylinder bore, ft,
E Exponent to base ten
FLEAK Area parameter, ftz
g, Gravitational constant
h Enthalpy, ft. Ib, Ibm™"
k Ratio of specific heats, 9_9..
o Cy
M Mass, lbm -
M Raté of.mass flow, 1bm sec.-lm.
n Ratio of connecting rod length/crank throw
P - Pressure, lb, 72 abs
"PINJ Period for combustion, crank angle degrees
Q Net energy loss or gain by system due to h‘e‘at transfer and
combustiox_l, ft. 1bf. ) ,
q Rate of heat transfer, ft, Ib, sec™
R Gas constant, ft.1b,. 1bm™! FO-1
S Stroke of piston, ft.
- T Temperature, _0 Rankine
.ot ‘Time, sec.
T.D.C. Top dead centre
TRPM Turbocharger speed, r.p.m.
" TINJ  Injection timing, degrees C.A.
TFC Constant for turbocharger bearing friction law
TFEXP Exponent fi)\r ‘turbocharger bearing friction law
v ~ Volume, 3 _ ‘ .
W COMP ~Cdmpres‘;sor work, ft. b, cycle-l- cylindex"-.{1
W TURB Turbine work, ft. lb,. hcycle-1 cylin’der"-1
X FLOW Constant for pressure drop in exhaust pipe
v gA _ Crank angle, degrees
| vy Velocity, ft. sec”!
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Introduction

After many years of almost continuous development of the reciprocating
engine it is probable that the rate of further progress will depend upon a-
fundamental understanding of its combustion and gas flow processes. If the
engine is coupled with a gas turbine, as with a turbo-charged or compound
engine, the need for an adequate knowledge of the complex interrelation
between the components and processes of the system is evident, Should the
system have the additional complexities of variable geometry whereby an
attempt is made to optimise the effective size of the components or timing
of the events according to the operating requirements of the engine, an
adequate assessment of the design by simple analyses is impossible and the
cost of a full experimental evaluation is prohibitive.

The use of digital simulations as aids to the understanding and solution
of complex design problems is well established. In the case of the turbo-
charged diesel engine ‘the mathematical models for the processes are rarely
exact and depend often upon empirical data. Nevertheless, although the estimates
of the system performance may be doubtful in an absolute sense, they can be
invaluable for an assessment of the relative effects of the parameters and
variables of that system.,

It is the purpose of the research at the Advanced School of Automobile
Engineering to improve the mathematical models of the processes and to
develop digital programmes that will allow full optimisation of the design of
turbo-charged or compund engines. It is the intention that the results of the
- analyses will be checked wherever possible with the performance of real engines.
The development of these programmes is a continuous process and a current
- activity at the School. Presented here is the progress to-date.

Description of digital simulation

Written in the A.S.A. Fortran code, the programme simulates a multi-
cylinder four-stroke water-cooled turbo-charged diesel engine with double entry
turbine.

The analysis of the flow is based upon a set of control volumes that re-
present the engine cylinders and manifolds. In the case of a six cylinder engine
with a double entry turbine, for example, there are nine control volumes - six to
represent the cylinders, one volume for the induction marifold and two volumes for
the exhaust manifolds, see FIG. 1. Within each control volume the state of the
gas is calculated according to the unsteady flow energy equation and the law of
conservation of mass: At the boundaries of the control volumes the heat transfer
is estimated by empirical equations and the mass transfer is calculated according
to the flow characteristics ofthe valves, the compressor or the turbine as
appropriate. '

It follows that for each control volume there are two basic first order
differential equations with non-linear coefficients and five auxiliary rate equations
to account fo:‘r"ihe mass inflow, mass outflow, heat transfer, change of volume
and energy relaease by combustion of the fuel. Nine control volumes require
the simultaneous solution of eighteen (18) basic equations and forty-five(45) auxiliary
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equations. A fourth order Runge-Kutta integration routine is used to give the
change of state of the gases in the control volumes. Trial runs were made to
establish the largest integration step length that could be used for consistent
results and a stable solution. The step length required cannot exceed the order
of one to two crank angle degrees in the critical parts of the cycle.

A full four stroke cycle requires that the integration is taken over seven
hundred and twenty degrees of crank angle (7200), With the assumptions that
the cylinders are identical and that the processes are truly periodic and similar
for each cylinder, the integration period is reduced to one hundred and twenty
degrees of crank angle (120°). An integration over the longer period requires
the availability of reliable information to quantify the departure from these
assumptions.

Wave effects in the manifolds are ignored, Since the research is directed
towards power units that are suitable for road vehicles, the manifold dimensions
are small and wave effects are insignificant at low or medium speeds of the eingine
crankshaft. At high engine speeds where they may become significant, the error
due to their omission is likely to be swamped by other errors that arise as a
consequence of lack of knowledge of factors such as the flow characieristics of a
radial turbine when subject to unsteady flow, unsteady heattransfer in the cylinders
and manifolds, and the combustion processes in the cylinder.

+ A flow diagram, FIG. 2, illustrates the method of computation. Starting
values for the turbo-charger speed and the pressures and temperatures in the
control volumes are guessed or estimated and supplied with the data at the start
of the run. The end values of a cycle are used as starting values for the next
cycle until the closing error is less than one percent of the absolute temperatures
and pressuresg in the control volumes. An exit path from the loop is provided should
the rate of convergence be unsatisfactory. At the end of the iteration, the balance
between the turbine work and the work of the compressor and bearing friction is
tested. If the balance is not achieved, a new iurbo-charger speed is chosen
according to Newton's Rule and the cycle is repeated.

Programme input

Seven input streams of data are required as follows.

1. Starting valuesg

Turbo-charger speed and pressures and temperatures in the control
volumes at the start of the computation,

2. Table of gas properties

The specific heat at constant volume, Cy, and the ratio of the specific
heats, Cp , are stored as a function of temperature in a TABLE format -

C
describeg in Appendix IV.

3. Table of wvalve flow areas

For a poppet valve the area of gas flow, the annular space between the
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valve edge and the seat, is reduced in effect by wall drag and boundary
layer build-up on the valve sides. The effective area of flow at any
instant is considered to be a function of the valve gize, the valve lift,

and an instantaneous coefficient of discharge, as defined by Kastner et. ‘al.
(reference 2), which depends upon the valve lift to diameter ratio and, to a
lesser extent, on the pressure drop across the valve. By neglecting the
effect of pressure drop on the instantaneous coefficient of discharge,  the
available area for gas flow at any instant can be computed from a know-
ledge of the valve geometry and 'its lift. This area is stored in a TABLE
format for both the 1n1et valve and the exhaust valve as a functlon of:
crank angle, :

4, Table of heat release

The programme requires a present 'heat' or energy release pattern to
simulate the energy released by combustion. This is read as - a TABLE of
non-dimensional heat release rates over a unit period. By this means the
total heat release and the period for heat release can be specified according
to the engine requirements, The form chosen for the purpose of this
analysis is illustrated by FIG.. 3 :

5, Table of compressor characteristics

The steady state non-dimensional mass flow (MYT/P) and the adlabatlc
efficiency are stored as functions of the pressure ratio and the non-.
dimensional speed (TRPMKT). Scale factors are read with the engine
parameters to describe the size of the compressor. .

6. Table of turbine characteristics

The steady-state characteristics are stored similarly to those of the
compressor.

7. Engine and test parameters

The information describes the geometry of the engine and the speed and
1oad conditions of a particular test. Full details are given in Appendix IL

Programme output

When the work balance is satlsfactory and the iteration is complete the
major parameters of the engine,” as described in the input, are printed for reference
purposes. These are followed by a complete record of the pressures, temperatures,
heat release, heat transfer, mass inflow and mass outflow for each control volume.
at crank angles throughout the cycle. ' Finally, the aggregated results such as .
indicated mean effective pressure (I.M,E,P.), indicated horse power (I.H,P.),
indicated thermal efficiency, total heat 1osses to coolent, and the:air-fuel ratio
are printed.

Effect of system parameters and variables

To test .the digital programme and to examine the effect of various parameters
and variables, a six cylinder A.E,C. AV 410 turbo-charged four gtroke diesel
engine was simulated. The C.A,V, type 12 turbo-charger has a twin entry turbine
with a T70° nozzle ring, Test results for the engine and characteristics of the turbo-




charger were provided by the Motor Industry Research Association (M,I.R.A.)

The dimensions of the engine are as follows:-

Bore 4,13 in,
Stroke 5,12 in.
Compression Ratio 18:1
Connecting rod length/crank ratio 3,57

Inlet valve opens at 10© B.T.D.C,
Inlet valve closes at 380 A.B.D.C.
Exhaust valve opens at 40° B.B.D.C.
Exhaust valve closes at 200 A, T.D.C,
Valve seat angle 400

Inlet valve diameter 1. 525 in.
Exhaust valve diameter 1.275 in,
Inlet cam 1ift 0.3232 in,
Exhaust cam lift 0.3232 in,
Inlet rocker ratio 1.575 : 1
Exhaust rocker ratio 1.575 : 1
Inlet manifold volume 410 in3
Exhaust manifold volume 56. 4 in3

Two system parameters and six operating variables were studied. These
will be considered ‘in turn,

(1) X FLOW

X FLOW is a scaled parameter that allows for a small pressure drop in
the turbine exhaust pipe, according to the equation

Ap = X FLOW (10001&/{)2
where Ap is the pressure drop Ib,. £~
and M is the mass flow rate lbm sec '

Table 1 shows that the effect of the parameter on the performance of the
engine is small. The reason for the interest in this parameter is that the
experimental recording of the pressure in the exhaust manifold, FIG. 5, shows
a secondary peak that occurs approximately at the time when the other half of
the turbine is exhausting. Since this timing is independent of engine speed it
is not a wave effect, FIG. 4 shows that the restriction of the turbine exhaust
pipe and increase of the back pressure causes a rise at the time of the secondary
peak. This effect is small, however, and insufficient to explain the experimental
results.
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TABLE 1

EFFECT OF X FLOW

Engine Speed = 1800 R.P,M.

Engine Heat = 1800 ft. Ib, /Cylinder/Cycle
TINJ = 3600 C, A, ,
PINJ = 60 C.A., degrees.
X Flow T RPM W TURB W COMP AIR MASS PEAK EXHAUST PRESSURE
R. P, M. ft. 1b. ft. by - Flow lbm Ib, in=2 abs.
0 39111 62 28 2.830E-~3  26.558
500 38678 60 27 2.814E-3 26,625
1000 386178 80- 27 . 2,812E-3 26. 758
1500 38678 59 27 2. 810E -3 26. 885

1800 38678 58 27 2. 800E -3 26,918

NOTE: For all tabulations, the timing of events is relative io T,D.C. at the
beginning of the induction stroke and the work and mass quantities
refer to one cylinder taken over one cycle. ’

(2) FLEAK

The parameter FLEAK is based on a hypothesis that attempts to explain
the secondary peak in the exhaust manifold pressure, It represents a leakage
area between the two manifolds of a twin entry turbine and allows a mass transfer
between them when they are operating at different pressure levels. How this
leakage occurs in the physical system is not clear.

FIG. 5 shows that the leakage could have a considerable effect on the
variation of pressure in the exhaust manifold, Bearing in mind that the unsteady
state characteristics of the turbine are unknown, the leakage indicates a possible
reason for the secondary peak.

TABLE 2 suggests that the effect of leakage on the air mass flow through
the engine is significant but small, However, care is required in the interpretation
of these results because, in this case, the considerable loss of turbine power, is
offset by the reduction of bearing friction as the speed of the turbo-charger is reduced,
\ At high boost pressures the loss of power from the turbine would be much more
significant and, therefore, the leakage could have a very detrimental effect on the
overall performance of the engine. ' ' ‘ :

TABLE 2

EFFECT OF FLEAK

Engine Speed = 1400 R.P.M.
. Engine Heat = 1200 ft.lb/Cylinder/Cycle
T TINJ = 3559 C.I—‘f.

PINJ = 60 C,A, degrees
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TABLE 2 (continued)

FLEAK T RPM W TURB W COMP AIR MASS PEAK EXHAUST PRESSURE

R. P. M. ft, 1bf ft. 1bf FLOW Ibm 1bf in"? abs.
0.00010 33150 34, 149 23.895 3. 060E-3 21.576
0. 00050 30808 28, 991 20, 141 3.000E-3 20. 797
0. 00100 29709 26. 278 18. 466 2.970E-3 20, 238
0. 00150 29150 24, 837 17,293 2. 950E-3 19. 857
0. 00200 28676 24, 057 16.608 2.930E-3 19. 568

(3) Combustion timing (TINJ)

The results obtained with three different valves of combustion timing are
displayed in TABLE 3.

Early combustion results in higher peak pressures and temperatures, an
overall increase in the indicated thermal efficiency and a decrease in the exhaust
gas losses, The consequence of the reduction of the exhaust gas energy is a
decrease in the turbine work and a reduction of the amount of air aspirated by
the engine, The net effect, however, is an increase of power with earlier
combustion but, as experience would suggest, there is a small return in power
and efficiency compared with the increase of mechanical and thermal loading of
the engine,

TABLE 3

EFFECT OF COMBUSTION TIMING (TINJ)

Engine Speed = 1400 R.P.M.
Engine Heat 1200 ft.1b,/Cylinder/Cycle

1

PINJ = 60 C,A, degrees.
TINJ °C.A. ) 3550 360 365
IMEP 1lb,.in" 107.0 103. 5 98, 4
W TURBf ft, lbf 24,53 26, 49 28,61
W COMP ft, lbg 17.073 18,639 20. 003
AIR MASS FLOW lbm. 2. 938E-3 2. 967TE-3 2. 998E-3
PEAK TEMP °R 3094 2978 2889
PEAK PRESSURE
Ibs. in=2 abs 1126 930 877
EXHUAST GAS LOSSES _
ft, lbg 439 463 493

INDICATED THERMAL
EFFICIENCY. . 50.80% 49,15% 46, 73%




(4) Valve size

The valve sizes were altered without. altering the cylinder bore so that
an increase in the size of one valve required a decrease in the other, The
results, tabulated in TABLE 4, suggest that for -a glven cylinder bore there is
an optimum size for thé valves and that any change from this optimum will
result in a reduction of the air aspirated by the engine, -

TABLE 4

EFFECT OF VALVE SIZE

Engme Speed = 1400 R. P, M.
Engine Heat = 1200 ft.lbf/ Cylinder/Cycle
TINJ = 3550 C., A,
PINJ = 60 C.A. degrees
VALVE SIZES AIR MASS FLOW 1b m

Inlet = 1.25 Normai
Exhaust = 0.70 Normal 2. 890E-3

Inlet = 1.0 Normal
Exhaust = 1.0 Normal 2. 938E-3

Inlet = 0.70 Normal
Exhaust = 1.25 Normal 2.910E-3

(5) Turbo-charger friction

The results of varying the turbo-chargerbearing frlctlon are 111ustrated
in TABLE 5, The bearing losses are represented by means of a-power law
of the form

N TFEXP
' Bearing horse-power = TFC x (TRPM ARRE IR
1000 B

Different bearmg ‘have markedly d1fferent drag losses and they affect cons1derably

 the equilibrium speed of the turbo-charger.:FIG. 6 111ustrates the dlfferent

matching speeds for three types of beamng

As the bearmg losses are reduced the turbo charger tends to run at higher
equilibrium speeds. This results in an increase in the boost pressure and a
consequent rise in the “air aspiratéd'by the-engine.' :For example, for the case
considered, a change from a plain bush to a floating bush bearing gives. a 12%
mcrease in the air dellvered to the engine and a power boost of the same order.




TABLE 5

EFFECT OF TURBO-CHARGER BEARING FRICTION

Engine Speed = 1400 R. P. M,
Engine Heat = 1200 ft, 1bf/Cy1inder/Cycle

TINJ = 355 C. A,

PINJ = 60 C.A, degrees
BEARING TYPE .
AND LAW TFEXP W TURB W COMP TRPM AIR MASS
B. H, P, = TFC(TRPM/1000) ft. 1bf ft. 1bf R.P.M. FLOW lhm.
Plain Bush
TFC = 2,185E-4
TFEXP = 2.76 28.0 15.0 26800 2. 849E-3
Ball Bearing
TFC = 7.05E-4
TFEXP = 2,250 32.0 19.5 31000 2.970E-3
Floating Bush
TFC = 2,08E-4 '
TFEXP = 2.675 42.0 33.5 38750 3.184E-3
TFC = 0.0
TFEXP = 0.0 52. 50 52.5 45000
TFC = 2.47E-4 :
TFEXP = 2.25 27.57 22.171 32451 3.032E-3
TFC = 4,94E-4
TFEXP = 2,25 24.53 17.07 28983 2. 938E-3
TFX = 9,.88E-4
TFEXP = 2.25 20,05 10. 23 23793 2.800E-3

{6) Heat transfer

The heat transfer that takes place between the cylinder gases and the surfaces
of the combustion chamber and the cylinder wall is difficult to predict and it is
usual to fall back on empirical methods. Several workers have proposed empirical
and semi-empirical formulae to calculate the instantaneous gas side heat transfer
coefficient. The formula used in this simulation is a modified form of Eichelberg's
equation.

From a study of heat transfer in large slow speed diesel engines. Eichelberg
postulated an equation of the form:-

1
2

Wi

4 - :
A Constant (¥)
w

(PT)? (T - Tw)

For the purpose of this study, the velocity index has been increased from % to 0.6
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and the dimensional constant chosen to give a suitable overall heat loss at an
engine speed of 1000 r.p.m, '

The instantaneous heat transfer rate can be altered either by changing the
Eichelberg constant or by altering the wvalue of the mean:wall-temperature.
Tests were conducted for three:different values of this. constant. (TABLE 6).

An increase of heat transfer has a two-fold effect on the'ehgine cycle.

It leads to a significant drop in the thermal efficiency of the engine, a reduction
of the energy lost to the exhaust gases and, consequently, a reduction of the
turbine work and the air agpirated by the engme. ‘ ! -

TABLE 6

EFFECT OF HEAT TRANSFER.

Engine Speed = 1400 R.P.M.
Engine Heat = 1200 ft, lbf/Cylmder/Cycle

TINJ = 3550C. A
PINJ- = = 60 C A, degrees
| N S -  JACKET EXHAUS’f INDICATED
EICHELBERG'S IMEP_ W TURB AIR MASS- LOSSES GAS ~  THERMAL.
CONSTANT ~ lbgn™® f.lb, ~ FLOWlbm ft.lb,  fi.lo,  EFFICIENCY
0. 000600 97.8 18,50 . 2.788E-3  277.44 367 46. 46%
0. 000300 107.0 24,50 2.938E-3  152.80 439 50. 80%

0.000148 112.0 -~ 28,44 - 3,019E-3 . . 79.51, . 483 53.22%

(7) Exhaust manifold volume.

The effect of changing the size of the exhaust maﬁifold is illustrated in
TABLE ‘7, . Its ‘effect on the shape of the pressure pulse in the exhaust mamfold
is 111ustrated by FIG T, C . .

A change in the exhaust mamfold volume has a s1gn1flcant effect on the power
output of the turbine. As the manifold volume is increased and the exhaust pressure
pulse is attenuated, the exhaust system tends towards a constant. pressure type and
the turbine output falls. These resgults tend io: support previous findings of other
investigators that, for low pressire chargmg, ‘a pulsatlng ‘exhaust system is more
efficient that one at constant pressure. . .
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TABLE 7

E‘FFECT OF EXHAUST MANIFOLD VOLUME

Engine Speed = 1400 R.P.M,

Engine Heat = 1200 ft. lbf/ Cylinder/Cycle

TINJ = 355° C.A.

PINJ = 60 C,A., degrees
EXHAUST MANIFOLD IMEP2 W TURB AIR MASS FLOW
VOLUME #t3 Tb. in~ ft. Io, lTom
0. 0100 107.0 24, 86 2. 940E-3
0.0153 107, 0 24, 53 2.938E-3
0. 1530 106. 8 21. 55 2. 895E-3

(8) Combustion period (PINJ)

TABLE 8 gives the results for various lengths of the combustion period.
Late burning results in a lower engine efficiency and an increase in the energy
to the exhaust gases.  The increase of turbine power results in a small
increase in the air delivered to the engine but this is insufficient to counter-
act the power lost as a consequence of the fall of the indicated thermal efficiency.

TABLE 8

EFFECT OF COMBUSTION PERIOD

Engine Speed = 1400 R.P.M.
Engine Heat = 1200 ft, lbf/Cylinder/Cycle

TINJ = 3550 C, A.

PINJ INDICATED
C.A. IMEP_2 W TURB AIR MASS EXHAUST GAS THERMAL
DEGREES 1bf. in ft. lbf FLOW lbm  LOSSES ft, lbf EFFICIENCY

50 109. 5 23.58 . 2,9255E-3 424 _ 51. 9%
55 108. 4 23.94 .2.9260E-3 432 51, 4%
60 107.0 24. 53 2. 9380E-3 439 50. 8%
65 106.0 25.15 2.9440E-3 446 50. 3%
70 104.8 25,83 2.9540E-3 456 49, 7%

75 103.3 26,22 2

. 9550E-3 464 49, 0%

- Application of the digital simulation

For the purpose of demonstrating the application of the simulation
to a real problem it is assumed that there is an interest in the use of a variable
geometry sgstem to achieve a high brake mean effective pressure of about
250 1b, in~ abs.at a speed of about-1600 crankshaft r.p.,m, and a b.m,e.p. of

about 180 lb, in “2at a speed of about 2800 crankshaft r.p. m. These were regarded
as desirable characteristics for a particular road vehicle. It was also '_.2
specified that the peak cylinder pressure should not greatly exceed 1600 lbs. in

abs. notr should the air-fuel ratio be less than 26 to 1. After-cooling is assumed
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to reduce the charge temperature to about '700 R

Four resul’cs based upon the A E.C, AV410- engme are tabulated in
TABLE 9, ' Case 1 shows that'the lower speed requirement ‘can only be
met with a very high boost ratio. Limited to a more reasonable figure
of about 3 to 1 boost ratio, the target figures cannot be met even by over-
fuelling the engine to 24 to 1 air-fuel ratio, Note that the turbo- -charger ..
size is optlrmsed for each case and compared with that requlred for case 1 - taken
as 100%. The higher speed condition s achleved by an increase in the size of
the turbo-charger as indicated under case IIL.""  Case IV shows the advantage of

an increase in the exhaust:valve. size for thﬂa__t,pariiouler load and speed condition.

"TABLE 9 '~

.Casge III
max, power

Case 1I

max. torque with Case IV

Case I boost limit of with 'standard max.

max, torque 3.0 to 1 valves power
Engine Speed, r.p.m. 1600 1600 2800 2800
Engine IMEP (psi) 300 200 200 220
Engine compressionratio 12.0 16.0 14.0 14.0
Inlet valve size 100% 100% 100% 86%
Exhaust valve size 100% 100% 100% 114%
Compressor size 100% 83% 125% 125%
Turbine size 100% 200% 240% 240%
geak cylinder temp.
Rankine 3150 3530 3200 3232
Peak cghnder pressure
lbf. in abs. 1670 1624 1593 1530
Boost pressure ratio 3.7 3.0 2.9 3.1
Air fuel ratio 26,75 24, 00 26. 80 26,57
Aftercooling change
temp. Rankine B 700 680 720 720
Indicated thermal
efficiency 38% 38% 34% 37.7%
Conclusions

Tests of the simulation suggest that the model responds sensibly to the
changes of combustion period, injection timing and exhaust manifold volume. They
stimulate an interest in a possible path for leakage between the two halves of a -
double entry turbine and the significance of this factor as far as performance is

concerned,

It is apparent also that the treatment of turbo-charger friction and

the heat losses from the engine cylinder have a very significant effect on the

valldlty of the simulation.

Although the model chosen is capable of giving a useful guide to practical
design problems such as the optimisation of a variable geometry system, ‘it is yet
far from ideal.

Combustion, heat transfer, and the mixing processes during
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induction are particular areas that are receiving close attention. Improved
models of these processes are at the final stages of development and will be

reported at a later

date, Parametiric studies are also being followed in an

attempt to reduce the time required for optimisation of a complex system.
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APPENDIX I

System equations

N R B RS U LY B R PR

The thermodynamic equations for each control volume are based on the
following assumptlons ot . .

a) The working f1u1d has properties s1m11ar to air and
behaves as a semi-perfect gas, that is, it satisfies
two conditions SR e

TMRT -

C_ (T), a tanction of temperature dnly, ~ "

LY

(ii) cv

b) The fluid ‘within each control volume is ho,moge'ﬁeous isobaric
and isothermal, that is, the processes are quasi-steady.

By the first law of ‘thermodynamics, eonservation of-mass, and the.character-
istic gas equatlon the rate equatlons for the state of the gas in the control
volume are: ' - ‘ e : B e

aT RT dM; aM
o = c {( i - Cyg To) M - (o . Cy, To) 200
dt Pch [Cv + T < )] dt dt
3T
- Pe c +dl L. (1)
dt dt
dP P dT RT dM, dM P 4V
Te . c c c i 0 c c
_ N { ] } e (@)
at T at v at dt v at
C C C

Five auxiliary equations were. alse required, Two e'quations for the rate
of mass flow through the valves were based upon these for flow through a noxxle,
that is

2 S

— o 2
_d__lV_[_F Ae P {2 go Pd k _ Pd -k?}- } ) (3)
dt RT(k 1) — ) se 0o e s’

. P, P
for subsonic flow at the throat and
K1 S

aM _ } e (4)
@ T e Fu <k+1 >k :

k
)'R‘+"I‘

p
d

a¥hen the flow is choked, that is when ?‘(1;4_—1'
u
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A , the effective throat area is that defined by Kastner et. al (2), and depends
upon the geometry of the valve, the valve lift and a coefficient of discharge.

The rate of charge of cylinder colum is given by

2 2 : S
v . 87 D {sn\w . SINe COs6 }
de 1440

/n? - sIN%e e .. )

where 9 is crank angle in degrees

The rate of heat transfer between the cylinder gases and the wall is
calculated according to a form of Eichelberg's equation.

i~

4 - 0.0003 (v)*% @D (T-T) e . (6)
A _ ] W

v

As described in the body of the report, the rate of heat release is
assumed to follow the form illustrated by FIG.: 3. A non-dimensional form
" of the variation is stored in the computer and called by a TABLE function.
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APPENDIX II .

The data stream ENGINE AND TEST' PARAMETERS contams the.
necessary mformatlon to' desqmbe the engme geomefry and the" speed and
load conditions of the test. S S

The layout of numbers is as follows

STROK , BORE -, RATIO , ECC:y

VINO , VEXO , VINC , VEXC ,

X FLOW, SHAPE , VOL_(7) , VOL (8) ,

VOL (9) , PREX , HEAT , SPEED ,

EC , EEXP , TFC , TFEXP ,

SFI , SFE , SFC , SFT , ,

TINJ , PINK , T WALL , N7, TEST, FLEAK

where:

STROK = Engine stroke, fi.

BORE = Engine cylinder bore, ft.

ECC = Ratio of connecting rod length/crank throw

VINO = Timing of inlet valve opening, degrees C.A,

VEXO = Timing of exhaust valve opening, degrees C.A.

VINC = Timing of inlet valve closing, degrees C. A,

VEXC = Timing of exhaust valve closing, degrees C. A,

X FLOW= A parameter to simulate the finite flow capacity of the exhaust system.,

SHAPE = Ratio of surface area of combustion chamber to that of a right circular
cylinder of similar bore and clearance volume.

VOL (7) = Volume of inlet manifold, ft°.

VOL(8) = Half volume of exhaust manifold, ft5,

VOL (9) = Half volume of exhaust manifold, ft°.

PREX = Initial value of exhaust pipe pressure lb, in~ “ abs.

HEAT = Fuel heat input per cylinder per cycle, Tt. lbf

SPEED = Engine Speed, r.p.m.

EC = Constant for Eichelberg's heat transfer equation.

EEXP = Speed index for Eichelberg's heat transfer equation,

TFC = Constant for turbo-charger bearing friction law.

SFI = Scale factor for inlet valve area,

SFE = Scale factor for exhaust valve area.

SFC = Scale factor for compressor flow.

SFT = Scale factor for turbine flow.

In order to avoid reading in lengthy tables for every change in valve
or turbo-charger size, scale factors are provided for the valve flow areas and
the flow capacities of the compressor and turbine. The true valve flow area is
that read from the table and multiplied by the appropriate scale of factor. In
addition, the non-dimensional speed is also divided by the square root of the
appropriate scale factor to determine the true speed required when using the
table,

n

TINJ Combustion timing, degrees C.A,
PINJ Combustion period, C.A. degrees, o
T WALL= Gas side cylinder wall temperature Rankine,

1
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N7 = Sets the number of integration steps before the first output.
Normally there is no output till the iterations have reached
a stable solution, then N7 is automatically set equal to zero
and results- are printed at each step of integration.

TEST = Accuracy level required before the cycle is assumed to be
periodic. If TEST is set equal to zeroit causes a normal exit
from the computer. '

FLEAK = A factor to incorporate mass flows between the two halves of -

the turbine.
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APPENDIX I, - .

Starting values

This input .stredm. is used-to present the values of.the temperatures
and pressures in each of the control volumes in order that the computatlon
may proceed. o

The .1ayout:>ié as feilorfrsé-

- TRPM,; . . -Tl’ T 'TS' ;
Py Py, P5 Pg-

P Pe Py
TRPM = Turbo-charger speed R. P, 1\g
Tlto TG = Cylinder gas temperatures R.
Plto P6 = Cylinder gas pressures p. s.i.a
T7, P7 = Inlet manifold temperature °R and pressure p.s.ira.nn
T8’ P T P = Temperatures °R and pressures p,s.i.a. in‘the . ' 0.

two halves of the exhaust manifold.

RIS




~18-

APPENDIX IV °

The table ''Functipn'

: The table function, originated by Mr, Palmer of the Department of

“ Propulsion, College of Aeronautics, stores up to three dependent variables .
‘as functions of one or two independent parameters. The '"Function' has been
written as a Fortran IV routine which stores up to two dependent and two
independent variables. :

The data is read into a COMMON ARRAY TAB from TAB (I) onwards

by means of the master programme. 'I' becomes the address of the table,
The number of tables that can be stored is limited only by the size of the
. ‘array TAB. -

The numbers to be read in must be presented to the computer in a
particular order.

The first two lines contains the words:

DATA
TABLE OF .......

This is followed by a set of ten numbers whose meaning is given below.

If x, and x_ are the independent variables and vy and Yo the dependent
variables, then the number layout is as follows:-

min, Xl’ min, x2, max, Xl’ max, xz,

nx, MX, s MR nY¥2

0.0 , 0.0

values of Xy in ascending order

values of x2 (if present in ascending order)

values of Yy for each Xy for 1st value of X

for 2nd value of x

values of ¥y for each Xy 9

values of Yy for each Xy for last value of X

in increasing order)

(if X, does not exist, then just the values of vy for Xy

values of Yy (if present) in a similar order to Yy

Once th‘é‘nuﬂx‘nbers. are read, any reference to the table can be made by a sub-
routine call of thetype :
CAL CALL TABLE (I, X1,X2,Y1,Y2)

where appropriate values have been given to I, X1 and, where relevant, X2,

The values of y, (X1,X2) and y, (X1,X2) are available in Y1 and Y2.
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